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Abstract 
This thesis is concerned with the principal features of solvent resistant nanofiltration 
(SRNF), and in particular its potential in fuel processing. In the recent and more 
established literature, dense polydimethylsiloxane (PDMS) has been identified as a 
potential SRNF membrane with separation properties at a molecular level. This thesis 
investigates the transport and separation mechanisms of dense PDMS membranes in 
SRNF applications relating to the filtration of organic solvents (mixtures are mixed to 
simulate fuel). Simulated fuels were created which comprised representative organic 
solvents with organometallic (OM) and poly-nuclear aromatic (PNA) solutes. The 
solvent flux and solute rejection behaviour of the solvent-solute systems were studied 
using a cross-flow air-driven filtration apparatus and a range of operating regimes. 
The key factors influencing solvent flux and solute rejection behaviour were found to be 
the solvent-induced membrane swelling, solvent viscosity and membrane crosslinking. 
The dense membrane was found to exhibit characteristics of a porous structure when 
swollen with solvents where its solubility parameter is similar/close to that of the 
membrane's. With a high degree of membrane swelling, the transport mechanisms of 
low-polarity solutes are governed principally by size-exclusion. It is postulated that 
solvent-induced membrane swelling causes expansion of the polymer network such that 
convective and diffusive flow can take place between polymer chains. In general, a high 
degree of membrane swelling resulted in high flux and low solute rejection and vice 
versa. The separation of the membrane can also be controlled by using a higherllower 
degree of crosslinked membrane and increased filtration pressure. 
Keywords:, PDMS, nanofiltration, membrane swelling, dense membrane, organic 
solvents, size-exclusion 
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Chapter 1 - Introduction 
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Introduction 
This thesis reports results from a study of solvent resistant nanofiltration using (SRNF) 
PDMS membranes and a range of solutes and solvents that exhibit both low-polarity 
and polar behaviour. 
1.1 Structure of the Thesis 
Chapter 1 describes the structure of the thesis as well as the aims and objectives of the 
work. This chapter also includes an overview of nanofiltration (NF) and comparisons 
with Ultrafiltration (UF) and Reverse Osmosis (RO), their operating regimes and the 
use of solvent resistant nanofiltration for non-aqueous separations in applications such 
as petrochemical, pharmaceutical, wastewater treatment applications, etc. 
Chapter 2 describes the various methods used to characterise the composite 
PDMS/P AN membranes and materials. Nitrogen permeation experiments were 
performed to test membrane integrity whereas nitrogen porosimitry was used to 
determine the size of any present pores. A novel apparatus was used to obtain swelling 
measurements of the composite membranes when exposed to different solvents. The 
results are used to support the hypotheses proposed in Chapters 3 and 4 where solvent 
flux and solute rejection experiments were conducted using a membrane filtration rig. 
Chapter 3 gives an insight into the important parameters that affect solvent flux and 
solute rejection mechanisms in nanofiltration with low-polarity binary systems. The 
effects of filtration pressure and membrane swelling were investigated and studies of 
flux coupling and solvent induced dragging were performed as a function of solute size. 
Chapter 4 describes the influence of polarity on solvent flux and solute rejection when 
polar solvents are added into an otherwise low-polarity system. The effects of pressure, 
1 
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solvent and membrane type were investigated. Solute rejection and solvent flux are 
believed to be affected mainly by the polarity of the solvents used. 
Chapter 5 describes and applies transport models to interpret solvent and solute 
transport through the selective layer of the composite membranes tested. The models are 
used to investigate the potential transition between diffusion and convective transport . 
mechanisms (e.g. Solution-Diffusion (SO), Speigler-Kedem (SK) and Pore Flow (PF) 
models). The SO model is based on a fundamental statement that flux is proportional to 
a gradient in chemical potential (diffusion) whereas the SK model includes both 
diffusion and convective terms which allowed investigations of the dominant 
mechanism. The PF model purely based on convective transport where the governing 
parameter is the Peclet number in which pure steric interactions between solute and the 
pore wall exist. Other models were also used in an attempt to understand the underlying 
solute transport mechanisms, these include the Convection-Diffusion Model, Pure 
Diffusion, and Extended Nernst-Planck equations.) 
Chapter 6 summarises the main conclusions of the work described in this thesis. 
Chapter 7 gives suggestions for potential further work. 
1.2 Aims ofthe Research 
The main aim of the project was to investigate the flux performance of solvents and 
solute rejection using polydimethlysiloxane (PDMS) composite membranes with 
selective top layers. This allowed development of understanding for the removal of 
impurities from organic solutions with membranes and facilitated investigation of the 
potential transition between convective and diffusive transport. 
Further aims of the research were to: 
• Investigate the link between membrane swelling and solute and solvent transport 
• Investigate the effects of solvent polarity on separation performance 
• Identify underlying solvent and solute transport mechanisms with· available 
transport models 
2 
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1.3 An overview ofNanofiltration 
Nanofiltration (NF), defined by many as a process between ultrafiltration (UF) and 
reverse osmosis (RO), is a rapidly emerging technology. Processes such as NF and RO 
generally involve the use of membranes which do not have manufactured pores, just 
merely voids in between polymer chains which determine the solvent/solute passage. 
RO is the tightest possible membrane processes in liquid separation. Water and some 
solutes with small amounts passes through the membrane in desalination processes, 
where most dissolved species and suspended material are rejected. UF membranes have 
a higher molecular weight cut-off (MW CO) due to the presence of pores which allow 
the passage oflarger solutes. 
NF is also widely used for water softening, removal of natural organic matter and 
emerging pollutants such as pesticides in drinking water treatment [I, 2]. Classification 
for membrane processes as depicted in Table 1.1. 
Parameter Reverse Osmosis N anofiltration Ultrafiltration 
Membrane structure Asymmetrical Asymmetrical Asymmetrical 
Thickness of membrane 
ISO 150 150 - 250 
(Ilm) 
Pore Size (Ilm) <0.002 <0.002 0.02 - 0.2 
Solutes rejected Amino acids Mono-, di- and Macromolecules 
Sodium Chloride Oligosaccharides Proteins 
Glucose 
Polyvalent 
Polysaccharides 
negative ions 
Example of membrane Cellulose acetate Cellulose acetate Cellulose acetate 
materials Polysulfone 
Ceramic 
Thin film 
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Membrane module Hollow fibre Hollow fibre Hollow fibre 
Spiral wound Spiral wound Spiral wound 
Plate and frame Plate and frame Plate and frame 
Tubular 
Operating pressure (bar) 15 -70 . 5 - 30 1-2 
Table 1.1 - Classifications for three membrane processes for aqueous systems. Table 
adaptedfrom [3]. 
Composite membranes are made in two layer and three layer designs where normally 
the top layer in contact with the feed is the separation layer, second and third layers act 
as backing layers. Second backing layers are generally used to prevent the top 
separation polymer from seeping into the pores of the third backing layer. Generally, a 
flat sheet NF composite membrane consists of a UF membrane and a cellulose acetate 
that acts as a backing layer for the thin separation layer (e.g. PDMS, polysulfone (PSO), 
etc.) NF membranes consist of a nominal separation layer of 1-10 /lID whereas 0.1-1 
/lID for RO membranes. Some NF membranes have manufactured pores whereas some 
do not. Membranes that do not have pores are categorised as dense membranes. 
Nanofiltration membrane systems are mostly pressure-driven and thus a membrane will 
compact up to a certain extent. However, a membrane will typically show no further 
compaction once a threshold pressure has been exceeded and the equilibrium thickness 
of the membrane has been reached [4]. For NF and RO, retention generally increases 
with increasing pressure for. most solutes which can be interpreted by the solution-
diffusion model [I]. 
1.4 Operating Regimes for Membrane Processes 
A number of drawbacks have been recognised for membrane separation processes. The 
principal problem is flux decline due to concentration polarisation and especially 
'fouling' which results in a decrease of the amount of solvents permeating through the 
membranes with a given time (flux). However, these effects can be reduced by utilising 
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a crossflow rather than dead-end filtration regime. This is due to the fact that dead-end 
filtration is a technique that does not apply any shear force tangential to the separation 
surface. As such, any solids, colloidal particles or solutes will tend to accumulate on the 
surface of a membrane and form a gel or cake. The accumulation of particles, molecules 
etc. near the surface can lead to blockage of the membrane pores, which known as 
'fouling', and leads to a reduction in permeate flux. Crossflow filtration is a technique 
whereby the feed is pumped from a feed vessel to a membrane unit, where a certain 
fraction of the feed is collected as the permeate. The ratio of permeate flow to feed flow 
is termed 'stage-cut' [5]. The crossflow filtration regime reduces concentration 
polarisation due to the feed flow applying shear force over the membrane surface, which 
reduces the build-up of folants. Figure 1.1 depicts the two operating regimes. 
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Figure 1.2 - Solute concentration profiles for the membrane filtration of solvent/solute 
mixtures. Figure adaptedfrom [5]. 
Referring to Figure 1.2, the concentration of solute increases near to the membrane 
surface if the solvent is preferentially transported across the membrane. If the solute 
transport across the membrane is concentration-dependent, then the actual concentration, 
CAc!u.h of solute in the permeate will be higher than the ideal concentration, Cldeah due to 
the increased solute concentration at the feed side of the membrane. The main aim in 
membrane separation processes is to remove compounds or recover materials 
selectively from the feed. Hence, to minimise the effects of concentration polarisation 
where the solutes will build up on the membrane surface creating a gel layer, a 
crossflow regime can be employed to help move the solutes away from the membrane 
surface. 
Dead-end techniques are usually used for batch membrane separation processes, 
however, cross flow can also be used for similar separations, but it is usually preferred 
for continuous or semi-continuous filtration of solvent/solute mixtures. 
6 
Chapter 1 - Introduction 
1.5 Membrane Applications for Non-aqueous Separation 
Membrane applications in the non-aqueous field are not as developed as aqueous 
technology due to the instability between organic solvents and polymeric membranes 
materials which Scarpello et al. [6) have reported. However, due to the improved 
availability of materials with a high degree of solvent resistance, the performance of 
polymeric membranes with organic solvents has improved significantly. Ceramic 
membranes have also widened the applications for non-aqueous systems like recovery 
of heavy metals and dyes/pigments due to their extremely high chemical and physical 
stability as well as long working life. The improvements for ceramic membranes have 
influenced the further development of polymeric membranes. Throughout recent years, 
polymeric membranes such as PDMS, polyimide, etc. have been produced' which are 
mostly stable in a wide range of organic solvents (e.g. n-hexane, xylene, methanol, 
toluene, etc.) 
Typical applications of organic solvent resistant membranes in non-aqueous separation 
processes are briefly outlined as follows: 
1.5.1 Chemical & Petrochemical Industries 
Conventional distillation techniques cannot refine some binary mixtures due to the 
nature of the vapour-liquid equilibrium; hence pervaporation is widely used in the 
processing of azeotropic mixtures such as ethanol and water. Polyimide nanofiltration 
membranes are widely used for applications in non-aqueous separation processes 
whereas PDMS membranes are used in pervaporation processes. However, both ceramic 
and polymeric membrane materials can be utilised. 
In the petrochemical industry, to obtain better quality gasoline fuel, vapour-permeation 
PDMS membrane technology is employed to recover VOCs (volatile organic 
compounds, e.g. fuel vapours) from air before discharging to atmosphere [7). The 
permeate is an organic liquid while the retentate is sufficiently depleted in VOCs that it 
can be discharged into the atmosphere without further treatment. Applications ofPDMS 
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in VOC recovery are used in large scale refineries and chemical plants. Hollow fiber 
composite membranes comprising of a thin layer poly (ether block amide) are also used 
to attract VOCs to their surface where they are adsorbed [8]. 
Dewaxing is part of a process route to produce ultra low sulphur high quality diesel fuel 
that has been adapted in the petrochemical [9-11] and food industries [12, 13]. In a 
conventional dewaxing process, waxy feed is mixed with organic solvents, chilled and 
then sent to rotating drum dewaxing filters that separates the feed into two intermediate 
products: a lube oil filtrate and a slack wax mix. The latter is sent for solvent recovery 
by vaporisation and distillation. The dewaxing process requires a relatively large 
amount of solvents in order to refine lube oil. Gould et al. [14] improved the 
conventional dewaxing process by utilising hyperfiltration (membrane filtration which 
separates particles larger than 0.1 nm) polymeric membranes. The uses of membranes 
for dewaxing have been found to be beneficial. Membrane modules can be retro-fitted 
to existing plants and are more environmental friendly. 
1.5.2 Food Industry 
Regardless of whether aqueous or non-aqueous separation processes are considered, 
membrane technology has been employed in the food industry for the treatment of milk, 
beer, fruit juices and material recovery. Most applications are aqueous but one non-
aqueous application is sunflower oil extraction. Looking at the aspects of aqueous 
membrane technology, ceramic membranes have been used for the removal of particles 
and macromolecules from beer and beverages, and have reported to separate the 
macromolecules from beer to give a 'wholesome' taste hygienically [15]. 
Polyamide reverse osmosis membranes have been investigated for the concentration of 
apple juice, which involves removal of water in order to reduce packaging [16]. 
Carvalho et al. [17] investigated sugar retention in the clarification of pineapple juice 
using polysulfone (PS), polyethersulfone (PES) and polyvinylidene fluoride (PVDF) 
micro- and ultrafiltration membranes. They found that using PES and PVDF membranes 
were also to reduce sugar levels in the permeate. 
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Interest in RO membranes has grown increasingly in recent years in the food industry as 
it has several advantages with respect to evaporation and freezing. Balannec et al. [18] 
investigated the perfonnance of polymeric NF membranes (DesaI5-DL, Osmonics, 
FilmTec, etc.) operated in the dead-end mode and a Nanomax50 membrane operated in 
the crossflow mode with aqueous systems. Others [19-21] have used NF and RO 
membranes with dairy industry effluents to obtain purified water that is free of milk 
proteins and lactose. 
In the non-aqueous field, hexane is used as a solvent to extract carboxylic and fatty 
acids from vegetable oil. As an altemative to conventional distillation, the resultant of 
hexane-acid stream can be treated by SRNF using PDMS membranes to recover the 
hexane solvent for re-use. Stafie et al. [22] have reported such applications at a lab scale, 
whereas Wu and Lee [10] successfully employed ceramic membranes for the same 
purpose. 
1.5.3 Pharmaceutical Industry 
Homogeneous organometallic catalysts in organic solvents are used during the 
manufacture of products in the pharmaceutical industry. Complex and expensive 
catalysts containing precious metals such as platinum and palladium can be recycled 
with good rejection using NF membranes as reported by Scarpello et al. [6]. Saravia and 
Frimmel [26] investigated the recovery of phannaceuticals using a submerged 
membrane module with a PES membrane whereas Nghiem et al. [23] investigated 
recovery of pharmaceutically active compounds using polyamide NF membranes of 
various pore sizes. Their work concluded that retention of compounds were largely 
dependent on the membrane pore size. 
1.5.4 Wastewater Treatment 
Membrane separation at high efficiency is a promising technology that has become 
interestingly attractive for the reclamation of wastewater due to the global shortage of 
fresh water [24, 25]. For instance, NF is capable of recovering wastewater from dyeing 
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operations whereby the treated wastewater can be recycled to the process and the dyes 
separated and reused [26]. 
Yoon et al [27] used aromatic polyamide NF and PES UF polymeric membranes in a 
dead-end stirred cell system to investigate the removal of endocrine disruptors. They 
found that the average percentage of contaminant removal by NF membrane was 30% 
higher compared to UF membranes. Synder et al. [28] found that RO and NF 
membranes were capable of removing endocrine disruptors at a low-molecular level 
whereas UF and MF membranes were unable to separate the contaminants due to UF 
and MF membranes have larger pores; they believe that size exclusion acts as an 
important parameter in filtration processes. 
Although the application of membranes to non-aqueous systems is still in development, 
it is clear that polymeric solvent-resistant membranes have a wide range of uses and 
larger scale installations are beginning to appear [14, 29]. With such developments, the 
understanding and capabilities of the technology can be improved. 
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Chapter 2- Experimental Methods 
- 2-
Experimental Procedures and Characterisation 
This chapter provides an introduction and literature review of relevant membrane 
characterisation methods and describes experimental procedures for the apparatus used 
as well as some characterisation results for membranes, solutes and solvents. 
2.1 Introduction and Literature Review 
NF research has been mainly focused on aqueous systems; however, a lot of 
pharmaceutical, food, petrochemical and fine chemical conversions as well as extraction 
applications are carried out in organic, non-aqueous systems. In the food (oil) industry 
for example, n-hexane is commonly used as a solvent during oil extraction from 
different seeds. 
Polypyrrole (PPy) is a chemically resistant polymer, being insoluble in organic solvents. 
Compared to conventional polymers, PPy has a high surface energy, as well as good 
electro-conductive and acid-base properties [1]. PPy based membranes are now used in 
gas separation and pervaporation, however not yet in neither NF nor SRNF applications. 
Thin film composite polyimide (PI) membranes have been used in water treatment [2], 
lactic acid recovery [3] and high pressure CO2 separations [4]. 
Polydimethylsiloxane (PDMS) membranes have received a lot of attention recently in 
the SRNF field as their hydrophobic nature means that they interact strongly with 
organic liquids, particularly alkane and aromatic solvents. PDMS based membranes 
have been used extensively for pervaporation of volatile components [5], desulfurisation 
of gasoline [6, 7], supercritical carbon dioxide fractionation [8) and gasoline 
purification [9]. A goal of the current work is to characterise composite membranes 
which consist of a PAN support layer and PDMS as the selective top layer. PDMS has 
high chemical and thermal stability, combined with low toxicity [10, 11] that makes it 
suitable for organic, non-aqueous membrane separation processes. 
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Several methods of composite membrane characterisation have been used by other 
researchers to determine membrane porosity, thickness of the selective layer, membrane 
swelling, thermal properties, etc. Thermogravimatric analysis, scanning electron 
microscopy (SEM) and X-ray diffraction were used by Kermanpur et al. [12] to 
determine the thickness, structure and composition of coated microporous titania 
membranes. Their results showed that the honeycomb pore structure of the membranes 
had a narrow size distribution with a mean pore size of 200 nm. Falconer et al. [13] 
characterised membrane pore volume by the adsorption method. They used various 
mixtures of organic solvents under various conditions and found that the pore volume 
changed with membrane swelling. The change in the pore volume due to adsorption into 
the pores provides a direct indication of how much the membrane expands due to 
adsorption. 
The prediction of the swelling extent of a crosslinked polymeric membrane by a pure 
solvent(s) has received considerable attention. Most polymeric membranes swell in the 
presence of a solvent. Membrane swelling can have a direct influence when selecting a 
polymeric material for defined barrier or permeation properties. The swelling properties 
of crosslinked PDMS membranes by pure solvents and solvent mixtures have been 
already largely investigated by several researchers [14-17]. 
Menge et al. [15] investigated the swelling behaviour of PDMS rubber networks of 
different crosslink densities in different solvents using nuclear magnetic resonance 
(NMR) spectroscopy and the elastic behaviour of PDMS using uniaxial compression 
measurements. NMR spectroscopy is one of the principal techniques used to obtain 
physical, chemical, electronic and structural information about molecules due to the 
chemical shift on the resonant frequencies of the nuclei. It is a powerful technique that 
can provide detailed information on the topology, dynamics and three-dimensional 
structure of molecules in solution and the solid state. Menge et al. [15] found the degree 
of PDMS network swelling was highest in tetrahydrofuran followed by toluene and 
acetone. PDMS membranes with more crosslinking were found to exhibit reduced 
swelling compared to those with less crosslinking. Stafie et al. [17] showed that the 
degree of membrane swelling can be altered/controlled by utilising morelless 
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crosslinking agent; the addition of less crosslinking agent resulted in a greater degree of 
swelling. Such behavior was explained by alterations to the chain length between 
crosslinking molecules. 
Tarleton et al. [9, 14] reported the swelling propensity of PDMSIPAN' SRNF 
membranes in a range of alkane, aromatic and alcohol solvents. Solubility parameter 
was used to relate the swelling of a membrane with a given solvent. Their results 
showed that n-heptane (<> = 15.3 MPa°.5) whose solubility parameter was close to that of 
PDMS (<> = 15.5 MPa°.5) showed a maximum expansion for the PDMS layer of 169%. 
For an aromatic (<> = 18.2 MPao.s) or more polar solvent falling in the range of <> = 23.6 
- 29.2 MPao.s, swelling of the PDMS was much reduced and shrinking of the PAN layer 
was reported in some cases. With solvent mixtures such as n-heptane and ethanol, 
membrane swelling was reported to reduce with increasing ethanol content. Tarleton et 
al. [7, 9] reported the swelling of radiation and thermal crosslinked PDMS membranes 
in various organic solvents (e.g. n-heptane, xylene and methanol etc). Radiation 
crosslinked 50 kGy PDMS membrane in xylene exhibited a swelling of 2.29 !lm; 
whereas 1.26 !lm and 1.09 !lm for 100 kGy and 200 kGy respectively as shown in 
Figure 2.1. 
4.-----~-------r====================n 
14 
____ 80 kGy radlatfon, 2 IJm 
-0- 50 kGy radiation. 2 ~,m 
~ 100 kGy radiation. 2 ~m 
--v- 200 kGy radiation. 2 jJm 
___ radiation. 1 J.m 
-0- thermal, 1.5 J.tm 
16 18 20 22 
Hildebrand solubility parameter (MPaO.5) 
Figure 2.1 - Swelling of PDMS layers on a range of radiation or thermally crosslinked 
membranes with pure solvents. Adapted from [7]. 
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Thennal crosslinked membrane showed a swelling of 0.76 !lm. With the aid of SEM 
images, it can be clearly seen that there was no apparent separation layer (pore intrusion 
during manufacture) for the thennal crosslinked membrane unlike the radiation 
crosslinked membranes. It could possibly be that the swelling of the PDMS separation 
layer was restricted by the pore intrusion phenomena which resulted in lower flux. 
Similar observations were also reported by Statie et al. [17] where swelling of a PDMS 
membrane in a hexane/oil mixture decreased with increasing oil concentration. 
Tarleton et al. [9, 14] investigated the swelling properties of PDMS membranes under 
two conditions; 1) membrane swelling with no applied pressure and 2) membrane 
swelling with applied pressure. Membrane swelling was reported to reduce with 
application of mechanical pressure ranging up to 20 bar, i.e. pressures comparable to 
those used in nanofiltration. More highly crosslinked membranes were reported to not 
compact as much as membranes with less crosslinking. Yi et al. [19] also reported 
membrane swelling decreases increase with the amount of crosslinking agent. 
Favre et al. [16] investigated the influence of temperature on swelling for crosslinked 
PDMS membranes with pure solvents. Arrhenius type relationships and Flory-Huggins 
based expressions were used to interpret their results. They reported that an increase in 
temperature can lead to either an increase, a constancy or a decrease to the extent of 
PDMS. Solvents like toluene showed an increase in PDMS swelling with an increase in 
temperature whereas poorer swelling solvents like acetone and ethanol showed a 
decrease in swelling based on the Arrhenius equation. The Flory-Huggins interaction 
parameter was found to increase moderately with temperature for good swelling 
solvents, while a strong decrease was observed for poor swelling solvents. Intennediate 
swelling solvents showed a quasi-constancy of interaction with temperature. Favre et at. 
[16] also reported, a reduced influence of temperature on swelling with solvents that 
naturally swelled PDMS to a greater extent. 
Saarinen et al. [20] investigated the swelling properties of fluorinated proton conducting 
membranes in solvent mixtures (e.g. methanol/water, ethanol/water, 2-propanol/water, 
sulphuric acid/water, etc). They reported that the Nation 117 membrane in methanol, 
ethanol, 2-propanol and tert-butanol water mixtures showed peak membrane swelling 
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results. The Nation 117 membrane showed a maximum peak swelling at alcohol 
fractions around 15% in tert-butanol/water mixtures which project a bell-shaped curve. 
Similar observations were reported by Hauser [21] where swelling of a poly (vinyl 
alcohol) membrane in ethanol/water mixtures exhibited a peak swelling at 30% ethanol 
concentrations. 
From the previous studies, the parameters affecting the membrane swelling can be 
summarised as solvent polarity (e.g. pure solvents or solvent mixtures), membrane 
crosslinking and temperature. 
2.2 Theoretical Background 
2.2.1 Chemical and Physical Properties ofPDMS 
PDMS from a dense hydrophobic membrane which is also referred to as a type of> 
silicon-rubber. There are many different forms. Chemically, PDMS is a synthetic 
polymer that comprises a repeating unit of Si-O and methyl groups attached directly to 
the silicon atom via silicon-carbon bonds. The basic structure of the repeating unit of 
polymer is shown in Figure 2.2. 
Si - 0 
n 
Figure 2.2 - Structure of the repeating unit in PDMS. 
Polymers can be linear where long chain of monomers connect end to end. In branched 
polymers the monomer molecules are connected in a chain (as in linear polymers) with 
the addition of molecules that are connected laterally to the backbone, thereby creating 
18 
Chapter 2 - Experimental Methods 
branches from the main, chain. The final fonn which polymers take is that of highly 
interconnected molecules (crosslinked), where linear chains and branched molecules 
join together to fonn complex three-dimensional networks. Due to some of its 
fundamental structure properties; PDMS is used extensively in membranes due to: 
• Low intennolecular forces between the methyl groups 
• Unique flexibility of the siloxane backbone 
• High bonding energy of the siloxane bond 
These properties result in a low glass transition temperature (Tg = - 123°C) where the 
polymer remains in the rubbery state, with good thennal, chemical, and oxidative 
stability. The physical properties of PDMS are shown in Table 2.1. The nitrogen 
penneance unit, barrer, is a non-SI unit of gas penneability where the quantity of 
nitrogen that would take up one cubic centimeter at standard temperature and pressure, 
as calculated with the ideal gas law. 
Physical Properties 
Solubility Parameter 
021N2 Selectivity 
N2 Penneance 
Tg 
Value/Remarks 
14.9 - 15,6 (MPa)03 
2.2 
280 barrer 
-123 eC) 
Table 2.1 - Physical properties of PDMS. N2permeance data obtainedfrom [24]. 
The hydrophobic nature ofPDMS means that it generally interacts strongly with organic 
solvents, particularly with lower polarity solvents. The extent of interactions can be 
interpreted with the solubility parameter. The unpolymerised dimethylsiloxane oligomer 
is soluble in organic solvents, hence the polymer may dissolve. The stability of PDMS 
in organic solvents, for instance when used to fonn a robust membrane, is achieved by 
several methods including crosslinking using a catalyst or radiation dose and/or heat 
treatment. 
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Crosslinked polymer molecules may, depending on the crosslink density, admit 
significant quantities of solvent to become softer and swollen. The PDMSIP AN 
composite membranes used in the current research were supplied by GKSS (Germany) 
and University of Twente (Netherlands) in a dry state and used without further 
treatment. 
2.2.2 Solubility Parameter 
Solubility parameter (<» can be used to describe the affinity between a solvent(s) and a 
membrane. Its value is typically obtained from tliree 'Hansen' parameters [17]; ~h the 
hydrogen bonding parameter, ~d the dispersion parameter and ~p the polar parameter. 
-
The solubility parameter for pure solvent (<» and an ideal mixture of binary solvents ( 0) 
and polymers are determined using Equations (2.1) and (2.2), respectively: 
(2.1) 
-
0= (IPA + !pjo) (2.2) 
where IP is the volume fraction of the solvent and subscript i and j each refer to a 
solvent. 
PDMS is reported to have a solubility parameter of 15.3 MPaO.5 [5, 11], although values 
of 14.9-15.6 MPaO.5 are also reported [23]. Substances with similar solubility parameter 
to PDMS would be expected to interact strongly and swell a membrane made from 
PDMS. Many alkanes and aromatics have solubility parameters in the range 14.5-18 
MPaO.5, so would be expected· to swell a PDMS membrane significantly. Ethanol 
(~=26.5 MPaO.5) and other more polar compounds have higher solubility parameters, 
which suggests that they will swell a membrane to a lesser extent. 
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2.3 Experimental and Membrane Characterisation 
This section describes the materials (solvents, solutes and membranes) and apparatus 
used for membrane characterisation and crossflow filtration experiments. Nitrogen 
adsorption, nitrogen permeation and swelling measurements were used to characterise 
the PDMS composite membranes. 
2.3.1 Materials 
2.3.1.1 Membrane 
The tested membranes were of composite asymmetric construction comprising a 1.5 Ilm 
(University of Twente) and 2 Ilm (GKSS) PDMS layer formed on a polyacrlonitrile 
(PAN) sheet which acted as a supporting layer for the PDMS. In both cases, the PAN 
layer formed a porous substrate with a mean pore size of 30-70 Ilm [24] and was 
manufactured by GKSS, however, from Figure 2.3, it appears that the PAN layer pore 
size is 30 Ilm. This could be the uneven formation of pores during its manufacturing 
process. Although full details of manufacture were not available, it is known that 
crosslinking of the PDMS in the tested membranes were primarily achieved by electron 
beam irradiation (GKSS) and thermal treatment (University of Twente). 
The membranes manufactured by GKSS adapted the roll-coating technique to give a 
well-defined selective PDMS layer, whereas the Twente membrane used the dip-coating 
technique which resulted in penetration of the PDMS into the PAN substrate. Structures 
of the PDMSIP AN composite membranes used are shown in Figure 2.3 below. 
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a) 80 kGy radiation, 2 Ilm (b) Thermal, 1.5 Ilm 
Figure 2.3 - SEM images of PDMS membranes. The dimension on a sub-legend refers 
to the nominal PDMS thickness in the unswollen state. The size bar represents a length 
of60 flm on (a) and 2 flm on (b). Takenfrom [14}. 
2.3.1.2 Solutes 
Solutes used in the filtration experiments were low-polarity organometallic (OM) and . 
polynuclear-aromatics (PNA) compounds. These were selected based on molecular 
weight, solute size and solubility in the chosen solvents. Solute concentrations in the 
filtration experiments were nominally set around 20 ppm for all tests, however, due to 
the small quantities involved some deviation was inevitably present and values varying 
between 18-24 ppm were common. This small variance has previously been shown to 
have no affect on the validity of results [22]. The properties and sizes of all solutes 
tested as well as the molecular structure of selected solutes are shown in Table 2.2 and 
Figure 2.4. respectively. Appendix I shows additional solute shapes and solute 
absorbance calibrations obtained from a UV -Vis spectrometer which allows solute 
concentrations and rejections to be determined. Refractive Index (RI) was used to 
determine the alcohol contents in the low-polarity/polar solute/solvent mixture for 
alcohol rejection data shown in Chapter 4. 
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Solute Name Classification Molecular weight Max solute size 
(glmol) (nm) 
Ferrocene OM 186 0.538 
Pyrene PNA 202 0.923 
Coronene PNA 300 0.928 
9, 1 O-Diphenylanthracene PNA· 330 1.362 
1,1,2,2-Tetraphenylethylene PNA 332 1.166 
Iron (Ill) acetyl acetone OM 353 1.144 
Iron (Ill) napthenate OM 373 1.790 
Rubrene PNA 532 1.348 
Copper (Il) napthenate OM 612 1.881 
Table 2.2 - Classification and molecular weights of test solutes. (PNA = poly-nuclear 
aromatic; OM = organometallic). (Maximum solute size calculated from ChemDraw 
3D) 
o 0 
........... Fe/ 
I 
0:r 
o 
~o 
Figure 2.4 - Idealised structures of Rubrene (left) and Iron (Ill) Acetylacetonate (right). 
2.3.1.3 Solvents 
The solvents used are realistic of those found in gasoline fuels in petrochemical industry, 
systems in pharmaceutical, oil recovery and healthcare product production. n-heptane .. 
and i-octane (alkanes or paraffins), xylene (aromatic) and ethanol (alcohol) were 
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supplied by Sigma-Aldrich (CHROMASOLV grade) were used without further 
purification. Solvents with different solubility parameters have different abilities to 
penetrate the membrane and swell it, leading to various degrees of both solute and 
solvent rejection. The 4 solvents were selected partly based on their solubility 
parameters. A solvent with a solubility parameter which is close to that of the 
membrane material is classified as a good swelling solvent, for instance On-heptane- OPDMS. 
In a filtration test, a good swelling solvent (n-heptane) may effectively result in a higher 
solvent flux and lower solute rejection due to the membrane's extensive swelling ability. 
A poorer swelling solvent (xylene, low-polarity solvent or, ethanol a polar solvent) 
might exhibit converse results. An alcohol was selected to investigate the effects of 
polarity towards solvent flux and solute rejection with a low-polarity/polar solvent 
system. Refer to Tables 2.3 and 2.4 for the solubility parameters and properties of 
solvents used, respectively. In some experiments, cyc10hexane and i-propanol were used 
to expand the data range for membrane swelling experiments (see section 2.3.4.2) 
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Solubility parameter and components (MPa)v,> 
Classification Solvent 0 Op Oh Od 
Aromatic xylene 18.2 0 0 18.2 
Alkanes n-heptane 15.2 0 0 15.3 
i-octane 14.3 0 0 14.1 
Alcohol ethanol 26.5 8.8 19.4 15.8 
Table 2.3 - Solubility parameter (0) and Hansen components (Op. Oh. oaJ of selected 
solvents. Data takenfram {25j. 0 = ~o~ + 0,; + 0; . 
Classification Solvent Density (kg/m') Viscosity (xlO -, Pa.s) 
Aromatic xylene 861 0.65 
Alkanes n-heptane 681 0.40 
i-octane 692 0.46 
Alcohol ethanol 789 1.20 
Table - 2.4 Solvent physical properties. (estimations from [26] at 20°C). 
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. 2.3.2 Nitrogen Permeation 
Nitrogen penneation experiments were perfonned to check for damaged membranes to 
be used in filtration experiments. Refer to Figure 2.4 for apparatus used. 
2.3.2.1 Operating Procedures 
The gas flux through a membrane, J, is given by 
J=kM 
x 
(2.3) 
where k is the penneance, M the differential pressure across the membrane and x the . 
membrane thickness. It has been reported that the penneance of nitrogen for undamaged 
PDMS [28] is 280 barrer (IOW cm3 (STP).cmlcm2.cmHg) or 2.13xI06 m 2/s.bar. 
Significantly higher values may indicate that the PDMS layer on a membrane has been 
damaged. A schematic of the apparatus used to measure nitrogen penneance is shown in 
Figure 2.5. 
Pressure gauge 
Volumetric flask 
(250 mn 
r------,0 
Membrane holder 
Tubing Water 
Nitrogen cylinder 
Figure 2.5 - Schematic of the nitrogen permeation apparatus. 
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Nitrogen penneance was evaluated by the time taken for a given volume of nitrogen to 
permeate through the membrane sample. Nitrogen was supplied from a compressed 
nitrogen cylinder via a pressure regulator. Before any measurements were taken, the 
nitrogen was allowed to permeate a membrane for 10-15 minutes to allow for any 
oxygen trapped in the membrane holder to be removed and to reach steady flow rate. 
The volumetric flask was filled with water, inverted and then placed in a retort-stand. 
The tubing from the membrane holder was directed to the volumetric flask to collect the 
nitrogen and the time recorded. Ambient temperature was noted during an experiment 
so that the gas volume could be adjusted to the volume at STP for comparison with 
literature-quoted values. Typical nitrogen permeation results are shown in Figure 2.6 
for a 2 Ilm PDMS radiation crosslinked membrane. 
2.3.2.2 Results and Discussion 
18 
16 
14 
(ij' 
N' 12 I 10 ~ 8 
"'5 
'1'0 6 
X 
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2 
0 
0 1 2 3 
Pressure (bar) 
Figure 2.6- Nitrogen permeation measured at different pressures to check for damaged 
membranes (data obtained with radiation crosslinked membrane). 
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The nitrogen penneance is related to the gradient of the graph in Figure 2.6. The barrer 
unit is obtained by converting the pressure from 'bar' to 'cmHg' and multiplying by 
1010, which in this case results in a penneance of 570 barrer. 
The nitrogen penneance calculated was -2 times higher than that stated by GKSS for 
the PDMSIP AN composite membran7 and as previously measured at Loughborough 
University (280 barrer as previously quoted in Table 2.1). One would intuitively think 
that with so much difference in nitrogen penneance, the membrane would possibly have 
a hole or puncture. However on the contrary, the solvent fluxes and solute rejections 
obtained were similar to previous workers at Loughborough University using similar 
membranes [24] (see to Section 3.3 for solute rejection results) which suggests that the 
tested membranes were undamaged. All nitrogen penneation tests were perfonned at 
least 3 times and the typical variation in measurements is shown in Figure 2.6 by the 
error bars. Additional nitrogen penneation data are shown in Appendix I. 
2.3.3 Nitrogen Adsorption 
2.3.3.1 Introduction 
A method of detennining the size of any pores in a membrane is gas adsorption where 
adsorption of a gas to a dry solid surface can be described by an adsorption isothenn. 
The Brunauer, Emmet and Teller equation (BET) can be used to calculate monolayer 
capacity and this is proportional to the surface area of the material. Standard 
experiments were carried out using nitrogen at 77 K whereby the adsorption isothenn 
allows for the determination of pore sizes by comparing the adsorption and desorption 
isothenns and using the Kelvin equation in conjunction with the desorption data, 
(2.5) 
where rk is the Kelvin radius in A, P is the equilibrium pressure and Po is the saturation 
pressure and the constant is calculated by assuming that the gas being used is nitrogen at 
77 K. Because of the nature of the process the relative pressure required to fill large 
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pores will be close to 1 this means that reliable data for pore sizes can only be achieved 
with pores less than 100 nm and the smallest pore that can be characterised is restricted 
to the size of the gas molecule which for nitrogen is approximately 0.3 nm. 
The major disadvantage of nitrogen adsorption as a method of analysis is that it has to 
be run with a dry substrate and at liquid nitrogen temperatures (77 K) where the 
polymer was analysed in its glassy state. With a material which has a dry porosity that 
is unchanged by wetting with a solvent this is not a problem. However, if when 
contacting a solvent a material swells to change its physical structure, and hence its 
porosity, then the gas adsorption technique will not provide information for the material 
at its intended operating conditions. 
2.3.3.2 Results and Discussion 
Approximately 0.1 g ofPDMSIPAN was sliced into small pieces and was tested in the 
gas adsorption apparatus and a typical result is shown in Figure 2.7. 
7 
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I,. 
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Figure 2.7 - Pore size distribution of a dry PDMS/PAN radiation cross linked composite 
membrane. 
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In is seen that nitrogen adsorption is useful for characterising pore size distributions in 
PDMSIP AN membranes. PAN is reported to have a pore size of 30-70 Jlm [24] which 
is in agreement with the data obtained from gas adsorption experiments for the tested 
membrane which ranges from 30-120 Jlm. Pore size distributions of the PDMS layer 
were apparently not obtained. This would suggest that the selective PDMS layer does 
not have any pores in its dry state or their size maybe beyond the instrument's capability 
to measure pore sizes in the range of <1 nm. It was not possible to measure the 
membranes in their solvent swollen when 'pores' or greater free-volume may have been 
evident. 
2.3.4 Swelling Measurements 
2.3.4.1 Operating Procedures 
An apparatus was used to evaluate the swellinglcompaction of the PDMSIP AN 
composite membranes where it was able to evaluate swelling of a membrane with a 
PDMS separation layer as thin as 1 Jlm. The apparatus could be operated in two modes, 
static and dynamic. 
Membrane Swelling Apparatus 
Membrane swelling was determined for the chosen solvents at no applied pressure 
and/or with applied pressure using the apparatus shown in Figure 2.B. 
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Figure 2.8 - Schematics of apparati for measurements of membrane swelling: (a) no 
applied pressure (b) with applied pressure up to 20 bar. Legend (1) comparator stand; 
(2) overall height adjustment via screw; (3) flat-bottomed round dish; (4) spacer; (5) 
membrane or substrate sample to be tested; (6) inductive probe; (7) measurement tip; 
(8) connecting cable; (9) electronic gauge column; (10) optional interface to PC; (11) 
cantilever bar; (12) weight; (13) support frame and bearing mount for cantilever bar. 
Figure taken from [14]. 
Referring to Figure 2.8a, for a no applied pressure experiment a 1 cm x 1 cm square of 
the PDMSIP AN composite membrane was placed in the short flat-bottomed round dish. 
The apparatus was then set to the desired mode of operation, either static or dynamic. In 
the static mode, the apparatus only records the maximum membrane swelling value, 
whereas the dynamic mode records any transient movement induced on the inductive 
probe. A 10 mm spacer was placed on top of the membrane sample to prevent direct, 
and potentially sensor damaging, contact between the measurement probe and the 
subsequently introduced solvent; the probe sent measurements to the column indicator. 
The extent of swelling was determined using a Mahr P2004 M inductive probe 
connected to a Millitron S 1840 electronic gauge column. The probe was rigidly 
mounted in a standard 820N, screw adjustable, comparator stand that was able to 
accommodate the flat-bottomed dish. The probe/gauge combination had a manufacturer 
quoted resolution of 0.1 J.lm, a displacement range of 4 mm and required a force of 1 N 
to induce a detectable linear movement of the measurement tip. Whilst the tip could be 
considered to impose a small pressure on a membrane sample, this was taken to be 
negligible. 
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In some experiments, a Panasonic Leica Dicomar (NV-GS200EB) video-camera was 
placed in front of the electronic gauge column indicator in such a manner that the 
change in membrane thickness with time could be recorded and subsequently 
determined from the analysis of individual still frames. No ghosting of numbers was 
observed. 
The measurement tip was moved to touch the top of the spacer, and the tare button was 
pressed on the electronic gauge column. The record button was pressed on the camera 
(as necessary) and 5-10 ml of solvent was quickly added to the dish to completely 
immerse the sample whence swelling started immediately. The allowed time for a 
membrane sample to swell and ultimately reach equilibrium thickness in the solvent(s) 
before the final displacement was taken is 3 minutes. Following an experiment, a 
membrane was blown dry for 10 minutes using compressed air to remove any residual 
solvent(s); preliminary tests showed this time to be adequate to dry a membrane 
completely with the membrane showing consistent swelling results. Upon drying, a 
membrane was found to return to its original state, as evidenced by repeat swelling 
experiments under otherwise identical conditions. 
Referring to Figure 2.8b, using a modified apparatus with an additional support frame 
and a cantilever bar that pivoted about a bearing mount in one end, it was possible to 
impose a pressure upon a membrane sample. The cantilever bar was arranged to rest 
horizontally between the inductive probe and the spacer. By adjusting the distance 
between the sample and pivot, and/or adding weights to the free end of the cantilever 
bar, it was possible to vary the applied pressure and values up to 20 bar. Nominal time 
allowed for the membrane to compact and reach its equilibrium thickness is 5 minutes. 
The solvent(s) can then be introduced into the flat-bottomed round dish to allow the 
membrane e to swell and membrane thickness measurements under applied pressure are 
taken. 
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2.3.4.2 Results and Discussion 
Refer to corresponding graph in Figure 2.9 for membrane swelling results in various 
low-polarity and polar solvents. Of note, Table 2.5 shows an average expansion of 
PDMS separation layer only, reason being the PAN backing layer does not exhibit any 
sort of expansion. Membrane swelling results shown were obtained with the apparatus 
set to both static and dynamic mode. 
Solvent Hildebrand Solubility 2 /lm radiation 1.5 /lm thermal 
Parameter, " (MPaO.5) cross linked crosslinked 
i-octane 14.3 3.2 (0.21) 1.2 (0.14) 
n-heptane 15.5 3.7 (0.18) 1.2 (0.07) 
xylene 18.2 3.0 (0.21) 1.3 (0.22) 
cyclohexane 16.8 3.4 (0.26) 1.3 (0.18) 
i-propanol 23.6 1.2 (0.22) 0.4 (0.09) 
ethanol 26.5 0.3 (0.11) 0.1 (0.05) 
Table 2.5 - Lateral expansion/swelling of PAN and PDMS layers on composite 
membranes in pure solvents with no applied pressure (static mode). All values were of 
membrane swelling in micrometers. Bracket denotes standard deviation based on 5 
experimental results. 
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Figure 2.9 - Swelling of the radiation and thermal crosslinked PDMS/PAN membranes 
with pure solvents (static mode). Opdms= 15.5MPao.5 
Consider the 2 )lm radiation crosslinked membrane as a reference and looking at Figure 
2.9 showed that a peak swelling of 185% occurred with n-heptane solvent (0=15.3 
MPaO.5) which corresponds favourably with the literature reported value of solubility 
parameter for PDMS at 0=15.5MPaO.5• Over the region 0=15.3-26.5 MPaO.5 the polarity 
of solvent increases to induce significantly less swelling in the PDMS layer and at even 
greater values of 0, the membrane swelling was reduced further and hence it was 
difficult to obtain reliable values. Similar observations were reported by Izak et al. [29] 
where swelling ofPDMS membranes at room temperature ionic liquids (RTlLs) (e.g. 1-
n-butyl-3-methyl-imidazolium tetrafluoroborate, etc.) was low. Their results obtained 
for relative PDMS swelling was around I %. Swelling results with ethanol (polar solvent) 
were in the range of 7-10% for both membranes tested. Membrane swelling in low-
polarity solvents is in the range of 150-185%. It could be concluded that the membrane 
swelling was purely dependent on polarity of the solvents and the 
hydrophobic/hydrophilic nature of the membrane which could be quantified by the 
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solubility parameter. This conclusion is in agreement with several workers [9, 14-18, 
23]. 
Membrane swelling and compaction play an important role not only during the filtration 
process but also during filtration experiment start up. An allowable time is required for 
a membrane to swell, the reason being that if a membrane is not sufficiently solvated 
with solvents then the membrane will not have achieved an equilibrium thickness. This 
thickness is also affected by the pressure applied to a membrane during the filtration 
process. Within the time-frame of membrane swelling showri in Figures 2.10 & 2.11 
and membrane compaction in Figures 2.12 & 2.13, it is clear that the time needed for a 
membrane to compact before filtration experiment start up is in the range of 10 seconds 
depending on the solvent used. 
Figure 2.10 shows how a near equilibrium swollen thickness could be achieved after 
-10 s from introduction of the solvent. The data exhibit reasonable and similar results 
do not appear to have been previously reported It was evident that such membrane 
swelling is rapid which is likely to be a consequence of the thin PDMS separation layer 
(2 Ilm) absorbing solvents rapidly into its polymeric structure. 
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Figure 2.10 - Repeat measurements of swelling of a 2 p.m radiation cross linked 
PDMSIPAN membrane in n-heptane with time (static mode). 
Several solvents were used to investigate the effects of polarity and solubility parameter 
towards membrane swelling as shown in Figure 2.11. Figure 2.9 clearly shows that a 
radiation crosslinked PDMS membrane tested with a solubility parameter (0=15.3 
MPao.s) and n-heptane (15.5 MPao.s) exhibit the greatest membrane swelling (4.0 /lm). 
This phenomenon occurred because n-heptane is a good swelling solvent for the 
radiation crosslinked PDMS membrane where it was able to penetrate and occupy the 
free-volume in the dry membrane structure. A membrane in immersed xylene exhibited 
the lowest membrane swelling among all the low-polarity solvents used. Such trends 
confirm that the value of solubility parameter is closely related to swelling propensity 
over the region 0= 14.3-18.2 MPao.s. 
Interestingly, although the low-polarity solvents each have its unique solubility 
parameter, one would reasonably expect the least compatible solvent to exhibit lower 
swelling and a lower swelling. rate. However, this was not the case. Membrane swelling 
is lowest in a poor swelling solvent, but all low-polarity solvents showed similar rates of 
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membrane swelling. One possible explanation for such findings is the relative thickness 
of the PDMS separation layer (i.e. 2 Ilm). Of the two more polar solvents used, ethanol 
(J=26.5 MPaO.5) is the most polar compared to i-propanol (J=23.6 MPaO.5). It is also 
evident that the most polar solvent used, ethanol, exhibited the slowest rate o( swelling. 
This could possibly be the high interactions of the polar solvent, ethanol, and the 
hydrophobic nature of the PDMS membrane. The data for these solvents in Figure 2.11 
follow a literature reported trend [14, IS] where the more polar solvent swells a 
hydrophobic membrane least. 
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Figure 2.11 - Swelling of 2 pm radiation cross linked PDMSIPAN membrane in solvents 
with time (static mode). 
Similar findings were observed for thermal crosslinked membrane where membrane 
swelling reached equilibrium at approximately the same rate as recorded for the 
radiation crosslinked membrane. Refer to Appendix I for additional results. 
Membrane compaction, brought about by an applied pressure, is believed to have a 
significant effect in the nanofiltration process. It was speculated that membrane 
compaction tightens the free-volume between the polymeric chains of the membrane 
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with the potential result of lower solvent flux and higher solute rejection. Such 
considerations are discussed further in Chapter 3 and 4. 
In order to assess membrane compaction, weights, corresponding to the applied pressure 
in the filtration rig, were placed on the cantilever as previously shown in Figure 2.7b. 
Pressures in the range of 1.01-9.14 bar were generated. Membrane compaction results 
that will be shown subsequently in Figure 2.12 & 2.13 are obtained with the swelling 
apparatus set to dynamic mode. The PDMS membranes tested have an initial thickness 
of 2 Jlm where zero and negative values on Figure 2.12 and 2.13 denotes the initial 
PDMS membrane thickness and the amount compacted respectively. From Figure 2.12, 
it is clear that even under applied pressure, a membrane swells albeit to a smaller extent 
then subsequently compacts reaching equilibrium within a given time. The rate of 
membrane compaction is higher under higher applied pressure and vice versa for lower 
pressure. One would intuitively expect at a higher pressure (9.14 bar), the membrane 
would compact and reach equilibrium at higher rates but in this case, more time was 
needed (2100 s). It is worth noting that such time was given for a membrane to reach 
maximum compaction. 
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Figure 2.12 - Membrane compaction (2 pm radiation cross linked) under applied 
pressure in n-heptane with time (dynamic mode). 
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All equilibrium membrane compaction values with time were re-plotted as a function of 
pressure shown and tabulated in Figure 2.13 and Table 2.6. It is clear that the membrane 
compacts under applied pressure for three different solvents. Of all, membrane in n-
heptane exhibit the highest membrane compaction whereas xylene the lowest. It could 
be postulated that such phenomenon is due to the swelling ability of the solvents. N-
heptane being a good swelling solvent to the membrane is able to penetrate with less 
interaction occupying the free-volume in the membrane. With less interaction and high 
membrane swelling (refer to Table 2.5), n-heptane solvent occupies more free-volume 
than any other solvents used. This then allows the polymer chains able to move more 
freely/sliding against each other and hence easier to compact whereas xylene (poor 
swelling solvent) has higher interaction with the membrane and even under applied 
pressure, the solvent-membrane interaction is so high that it retains the solvents. Such 
conclusions are strengthen by the fact that the compaction gradient for membrane in n-
heptane is higher compared to that of in i-octane and xylene. 
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Figure 2.13 - Membrane compaction (2flm radiation cross linked) under applied 
pressure with three low-polarity solvents (dynamic mode). 
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Tabulated data of swelling for two different types of membrane variants were assessed 
, 
over the pressure range 0-10.39 bar. The results shown in Table 2.6 are in absolute form. 
It was clearly shown th~t all of the tested membranes showed a reduction in swelling 
with increased pressure which is to be intuitively expected when mechanical pressure is 
applied. From the data presented, it is evident that an applied pressure affects the 
PDMSIPAN membranes in different ways dependent upon factors such as the starting 
thickness of PDMS and the degree of crosslinking. Swelling is influenced from the 
onset with pressure and there isa greater effect on membrane compaction from 0-4.77 
bar and 0-2.27 bar for radiation and thermal crosslinked membrane respectively. The 
available data suggests the PDMS layer is compressed at raised pressures which could 
potentially affect the filtration process. 
2 /lm radiation crosslinked 1.5 /lm thermal crosslinked 
membrane membrane 
Pressure (bar) n-heptane i-octane xylene n-heptane i-octane xylene 
0 3.67(0.18) 3.17(0.20) 3.10(0.08) 1.23(0.07) 1.13(0.14) 1.13(0.18) 
1.02 0.03(0.06) 1.17(0.12) 2.63(0.06) 0.43(0.06) 0.13(0.12) 0.57(0.06) 
2.27 0.07(0.12) 0.47(0.06) 1.07(0.12) 0.53(0.15) 0.33(0.06) 0.60(0.10) 
2.90 0.20(0.00) 0.47(0.06) 0.80(0.10) 0.60(0.10) 0.37(0.06) 0.67(0.06) 
4.15 0.43(0.06) 0.47(0.06) 0.77(0.15) 0.57(0.06) 0.47(0.06) 0.63(0.06) 
4.77 0.47(0.06) 0.30(0.10) 0.50(0.17) 0.67(0.06) 0.53(0.06) 0.67(0.06) 
7.27 - 0.13(0.12) 0.47(0.21) 0.63(0.12) 0.63(0.06) 0.67(0.06) 
9.14 0.63(0.06) 0.07(0.06) 0.30(0.10) 0.70(0.00) 0.67(0.06) 0.70(0.00) 
10.39 - 0.03(0.06) - - 0.70(0.00) -
Table 2.6 - PDMS/PAN membrane compaction under applied pressure for three 
solvents used. 
The swelling behaviour of PDMS was determined for polar/Iow-polarity mixtures as 
well [9]. The results were expressed as the average expansion of a 10 pm PDMS layer 
as shown in Figure 2.14. 
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Figure 2.14 - Swelling of a 10j./m PDMS layer in a composite PDMS/PAN membrane 
for two alkyl solvent/ethanol mixtures. Adaptedfrom [9]. 
In general, the addition of alcohols resulted in a decrease in the membrane swelling, 
although it is possible that a slight increase in swelling when the alcohol concentration 
is below 10%. Despite the scatter, the membrane swelling approximately follows the 
order of polarity of ethanol where xylene/ethanol mixtures consistently exhibited a 
lower swelling to n-heptane/ethanol mixtures. 
2.3.4 Membrane Filtration Apparatus 
Solvent flux and filtration experiments were conducted using the filtration rig shown in 
Figures 2.15 and 2.16. The crossflow rate was set at 0.8 I/min. Operating the filtration. 
rig at this rate appeared to be above the threshold value at which the crossflow rate 
would have no significant effect on the solute rejection [23]. The solvent flux and solute 
rejection results obtained with the rig are shown and discussed in Chapter 3 & 4. 
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A- RlI!'nrvoir 
B .. Air-Dri'V.n Pump 
C - Membrane Modul. 
D - IT.· Filter 
E .. Coo)., 
F .. Flowmeter 
p. Pressure Gauee 
VI • Drain Valve 
Vl - Air Roaul •• or 
V3· Samplinc Vain 
V4 .. Perme .. t. R.ryde Valve 
VS .. Penneat. VaJ'Vl" 
V6 - Flow Control Valve 
V7 .. Back·PressW'e Re'culator 
Figure 2.15 - Schematic diagram of an air-driven filtration apparatus. Adapted from 
[22}. 
ack -pressure regulator 
Membrane module 
Reservoir 
Air supply 
Figure 2.16 - Photograph ofthemembranefiltration apparatus. 
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l1itre of the test solvent/solute mixture was added to the 2.5 litre capacity reservoir and 
pumped from the reservoir to the membrane module using an air-driven pump 
(Micropump Series 220) via a flow meter (Krohne H20), a flow control valve and a IS 
!lm pre-filter (Swageiok SS-6TF-IS). The retentate was circulated back to the reservoir 
by passing the liquid through a cooler which maintained the temperature of the liquid in 
the apparatus using the exhaust air from the pump. The permeate could be circulated 
back to the reservoir or collected separately. The trans-membrane pressure (2-8 bar) and 
crossflow rate (0.5-1 IImin) were controlled by the back-pressure regulator and the air-
regulator to the pump. The flow-control valve was used to make minor adjustments. All 
wetted components in the apparatus were made from 316L stainless steel. 
The membrane module used was a DESAL membrane cell, available commercially 
from Osmonics (Minnetonka, USA). A photograph of the membrane module is shown 
in Figure 2.17. 
Feed Inlet 
Retentate Outlet O-Ring 
Membrane 
Permeate Outlet 
Figure 2.17 - Photograph ofOsmonics DESALflat-sheet membrane cell. 
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The top part of the membrane module was clamped down to the bottom part with the 
membrane conducted in between. The module was able to hold a flat-sheet membrane 
with a wetted surface area of 75 cm2• The pump was connected to an air-driven motor 
via a magnetic drive without direct contact with the motor shaft in order to eliminate the 
need for a dynamic shaft seal. A safety feature of this configuration is that the magnets 
de-couple at a torque corresponding to a pressure lObar, but this was not really an issue 
as the experiments were run within the range of 2-8 bar. All experiments were 
performed at a 10 % stage-cut. 
Prior to an experiment, the membrane was cut into a circular shape with a diameter of 
12 cm and then placed with the PDMS layer upwards on top of the sintered plate on the 
lower block of the Osmonics cell. The membrane was then swelled with a small amount 
of solvent to prevent its mechanical failure as the membrane will swell in all directions 
causing the membrane to fold when the upper block is lowered to the clamp the 
membrane. 5 washers were positioned over the bold-studs, and then 15 mm nuts were 
screwed on until finger tight before final tightening with a torque wrench to 20 Nm. 
Finally, the retentate-cooler pipe section was assembled. 
With the solution added to the reservoir and the pump switched on, the solution was 
circulated for several minutes under no applied pressure to remove any trapped air in the 
system. With the pressure and crossflow rate set at the desired values, the permeate was 
allowed to circulate back to the reservoir for 15-20 minutes to establish equilibrium and 
eliminate any hysteresis from previous tests. A 5 ml feed sample was then taken after 
which the permeate was collected in a pre-weighed bottle for the time needed to collect 
10% stage-cut. 5 ml samples of the retentate and permeate were subsequently taken for 
analysis by UV -Vis spectroscopy to enable calculation of solute rejection. Refractive 
Index (RI) was used to determine the alcohol contents in low-polarity/polar systems to 
enable calculation of alcohol rejection (Refer to Chapter 4). 
Blank wavelength scans with pure xylene, i-octane, n-heptane and ethanol were 
performed initially to ensure that there were not any extraneous impurity peaks in the 
spectral region of interest. 
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The solvent flux through the membrane was calculated: 
J =.!.-
At 
(2.6) 
where J is the permeate flux (in I/m2h), V is permeate volume (in I), A is membrane area 
(in m2) and t is permeation time (in h). The permeate volume was calculated by dividing 
the weight of collected permeate by its density (Sigma-Aldrich data sheet). After each 
measurement, the system was slowly depressurised, permeate was collected and 
analysed and then returned to the feed reservoir. 
2.4 Conclusions 
This chapter has presented details of the characterisation and filtration methods as well 
as the results of solute, solvent and membrane characterisation. It can be concluded that 
the gas permeation tests were not able to confirm the integrity of the PDMSIP AN 
membranes. Although the results of the gas permeation tests suggested that the 
membranes were damaged, filtration experiments were subsequently performed using 
the characterised membranes and organic solvents at the expected levels of solvent flux 
and solute rejection. Further discussions are shown in Chapters 3 & 4. Membrane pore 
size characterisation using the nitrogen absorption method was relatively unsuccessful. 
This may be due to instrument shortcomings when taking measurements of pore size in 
the range of 0.5-1.0 nm in PDMS. The method is extremely useful when analysing and 
determining pore size distributions in mesoporous materials, but not microporous 
materials. 
Regarding membrane swelling, n-heptane appears to swell the PDMSIPAN membranes 
to a higher extent compared to i-oCtane and xylene due to the interaction of the solvent-
membrane (n-heptaneIPDMS) is better than (i-octaneIPDMS) and (xyleneIPDMS). 
Organic solvents penetrate the membrane, expanding the polymer chains to create more 
free-volume. Each individual solvent has its own unique solubility parameter which 
appears to govern the PDMSIPAN composite membrane swelling. The closer the 
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solubility parameter of the solvent is to that of the membrane, so the greater is the 
swelling. A thinner membrane tends to swell at a faster rate. 
Sufficient values for membrane swelling and compaction were obtained to enable better 
understanding of the filtration experiments (Chapters 3 & 4) as well as data for 
modelling purposes (Chapter 5). 
2.5 Nomenclature 
A 
J 
k 
DJ> 
P 
Po 
r 
t 
Tg 
V 
x 
Greek Letters 
Subscripts 
d 
h 
k 
p 
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m
2 Membrane area 
m1s Nitrogen/Permeate flux 
m2/s.bar Nitrogen permeance 
bar Transmembrane pressure 
bar Equilibrium pressure 
bar Saturation pressure 
A Radius 
s Permeation time 
DC Glass transition temperature 
I Permeate volume 
m Membrane thickness 
Solubility parameter 
Dispersion parameter 
Hydrogen bonding parameter 
Kelvin 
Polar parameter 
Chapter 2 - Experimental Methods 
2.6 References 
46 
1. X. Li, P. Vandezande and LFJ. Vankelecom, Polypyrrole modified solvent 
resistant nanofiltration membranes, J. Membrane Sci. 320 (200S) 143-150. 
2. E.A. McCallum, H. Hyung, T.A Do, C. Huang and J. Kim, Adsorption, 
desorption, and steady-state removal of 17~-estradiol by nanofiltration 
membranes, J. Membrane Sci. 319 (200S) 3S-43. 
3. M.L Gonzalez, S. Alvarez, F.A. Riera and R. Alvarez, Lactic acid recovery from 
whey ultrafiltrate fermentation broths and artificial solutions by nanofiltration, 
Desalination 228 (200S) S4-96. 
4. M.R. Kosuri and WJ. Koros, Defect-free asymmetric hollow fiber membranes 
from Torlon®, a polyamide-imide polymer for high-pressure C02 separations, J. 
Membrane Sci. 320 (200S) 65-72. 
5. G.O. Yahaya, Separation of volatile organic compounds (BTEX) from aqueous 
solutions by a composite organophilic hollow fiber membrane-based 
pervaporation process, J. Membrane Sci. 319 (200S) S2-90. 
6. B. Li, D. Xu, Z. Jiang, X. Zhang, W. Liu and X. Dong, Pervaporation 
performance ofPDMS-Nf'Y zeolite hybrid membranes in the desulfurization of 
gasoline, J. Membrane Sci. 322 (200S) 293-301. 
7. C. Zhao, J. Li, R. Qi, J. Chen and Z. Luan, Pervaporation separation of n-
heptane/sulfur species mixtures with. polydimethylsiloxane membranes, Sep. & 
Purif. Tech. 63 (200S) 220-225. 
S. R. Ruivo, R. Couto and P.C. Simoes, Supercritical carbon dioxide fractionation 
of the model mixture squalene/oleic acid in a membrane contactor, Sep & Purif. 
Tech. 59 (200S) 231-237. 
9. E.S. Tarleton, J.P. Robinson, S.J. Smith and JJ.W. Na, New experimental 
measurements of solvent induced swelling in nanofiltration membranes, J. 
Membrane Sci. 261 (2005) 129-135. 
10. S.J. Clarson and J.A. Semlyen, Siloxane Polymers, PTR Prentice Hall, New 
Jersey, 1993. 
11. J.M. Ziegler and F.W.G. Fearon, Silicon-based polymer science: a 
comprehensive resource, American Chemical Society, Washington DC, 1990. 
47 
Chapter 2 - Experimental Methods 
12. A. Kennanpur, E. Ghassemali and S. Salemizadeh, Synthesis and 
characterisation of microporous titania membranes by dip-coating of anodised 
alumina substrates using sol-gel method, J. Alloys & Compounds 461 (2008) 
331-335. 
13. M. Vu, 1.1. Falconer and R.D. Noble, Characterizing non-zeolitic pore volume 
in zeolite membranes by temperature-programmed desorption, Micro. & Mesa. 
Mat. 113 (2008) 224 - 230. 
14. E.S. Tarleton, J.P. Robinson and M. Salman, Solvent-induced swelling of 
membranes - Measurements and influence in nanofiltration, J. Membrane Sci. 
280 (2006) 442~451. 
15. H. Menge, S. Hotopf, S. Piinitzsch, S. Richter, K Arndt, H. Schneider and U. 
Heuert, Investigation on the swelling behaviour in poly( dimethylsiloxane) 
rubber networks using NMR and compression measurements, Polymer 40 (1999) 
5303-5313. 
16. E. Favre, Swelling of crosslinked polydimethylsiloxane networks by pure 
solvents: Influence oftemperature, Eur. Polymer J. 32 (1996) 1183-1188. 
17. N. Stafie, D.F. Stamatialis and M. Wessling, Effect of PDMS cross-linking 
degree on the penneation perfonnance ofPANIPDMS composite nanofiltration 
membranes, Sep. & Purif. Tech. 45 (2005) 220-231. 
18. N. Stafie, D.F. Stamatialis and M. Wessling, Insight into the transport of 
hexane--solute systems through tailor-made composite membranes, J. Membrane 
Sci. 228 (2004) 103-116. 
19. J. Yi and 1. Zhang, Studies of sodium humate/polyacrylamide/clay hybrid 
hydro gels. I. Swelling and rheological properties of hydrogels, Eur. Polymer J. 
43 (2007) 3215-3221. 
20. V. Saarinen, KD. Kreuer, M. Schuster, R. Merkle and J. Maier, On the swelling 
properties of proton conducting membranes for direct methanol fuel cells, Solid 
State /onics, 178 (2007) 533-537. 
21. J. Hauser, G.A. Reinhardt, F. Stumm and A. Heintz, Non-ideal solubility of 
liquid mixtures in poly(vinyl alcohol) and its influence on pervaporation, J. 
Membrane Sci. 47 (1989) 261-276. 
22. J.P. Robinson, The Selective Removal of Components from Gasoline using 
Membrane Technology, PhD Thesis, Loughborough University, 2004 
48 
Chapter 2 - Experimental Methods 
23. S.M. Saufi, Development and characterisation of poly acrylonitrile (PAN) based 
carbon hollow fiber membrane, J. Sci. Tech. 24 (2002) 843-854. 
24. A.F.M. Barton, CRC Handbook of Solubility Parameters and Other Cohesion 
Parameters, CRC Press, 1983. 
25. R.H. Perry and D.W. Green (Eds), Perry's Chemical Engineers Handbook, 7'h 
Edition, 2-367, McGraw-Hill, 1998. 
26. J.G. Crespo and K.W. Boddeker, NATO ASI Series, Membrane Processes in 
Separation and Purification. Kluwer Academic Publishers, London, 1993. 
27. K.Cliff, Measurement of swelling and partition coefficient in nanofiltration 
membranes. Personal Development Planning Project, Loughborough University, 
2006. 
28. P. Izak, S. Hovorka, T. Bartovsky, 1. Bartovska and J.G. Crespo, Swelling of 
polymeric membranes in room temperature ionic liquids, J. Membrane Sci. 296 
(2007) 131-138. 
Chapter 3 - Low-polarity solute and solvent systems 
-3-
Membrane filtration of low-polarity solute and solvent 
systems 
This chapter discusses the various effects that pressure, membrane swelling, solvent, 
solute and membrane type have on solvent flux and solute rejection on the nanofiltration 
of low-polarity mixtures 
3.1 Introduction and Literature Review 
Many researchers have studied and attempted to model the filtration behaviour of 
organic solvents with polymeric membranes. Initial development on transport 
mechanisms was carried out by Paul and Ebra-Lima [I] .during the 1970s whereas 
studies into polymer-solvent interactions were documented by Flory [2] in the 1950s. 
There has been ongoing development in the field ever since. 
Transport mechanisms and process limitations are relatively well understood for 
aqueous nanofiltration (NF) systems [3-6]. A body of work has also been assembled on 
the use of membranes for the removal of dissolved organic matter from organic solvents 
[7]. However, the fundamental transport and removal mechanism for separation of 
organic solute compounds from organic solvents using membrane technology is far 
from understood. Recently, a number of workers have evaluated dense rubbery 
membranes for use in non-aqueous nanofiltration applications such as precious metal 
and catalysts recovery [8-10] and de-acidification of vegetable oils [11,12]. 
Livingston et al. [13] studied the flux and separation performance of polyimide 
composite membranes with polar aprotic organic solvents. They found that flux was 
dependent on the crosslinking density of the membrane and polarity of the chosen 
solvent. Toluene solvent was used to compare the performance of two differently 
treated membranes; a non-crosslinked and a crosslinked Lenzing P84 polyimide 
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membrane as both were stable in organic solvents. The fluxes observed were found to 
decrease with increased crosslinking density and more thermal annealing where the 
authors described their results to densification of the separation layer and reduction of 
the free-volume between polymer chains in the membrane. Methanol flux was observed 
to be lower compared to toluene, potentially due to the increased hydrophobicity of the 
membranes brought about by crosslinking which could result in different degrees <if 
swelling of the polymer in different solvents. 
Similar observations were reported by Stafie et al. [Ill where n-hexane flux levels for 
PDMS membranes with a pre-polymer/crosslinker ratio of 10/0.7 (which swelled 260%) 
were consistently higher than that of a membrane made at a ratio of 1011 (which swelled 
200%) as depicted in Figure 3.1. 
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Figure 3.1 - n-hexane flux as a function of transmembrane pressure for the PDMS/PAN 
me"!'branes prepared at various pre-polymerlcross-linker ratios. Adaptedfrom [I1}. 
Interestingly, n-hexane flux for PDMS membranes made with a ratio of 10/2 (which 
swelled 110%) falls inbetween the other PDMS membranes although the swelling of the 
most cross linked PDMS membrane was lowest; i.e. flux levels were not intuitively 
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consistent with the corresponding swelling results obtained. Stafie et at. [7] stated that it 
might be the pore intrusion of the 1012 PDMS membrane that was different compared to 
the other PDMS membranes tested. 
Robinson et at. [14] reported that solvent flux decreases with increasing degrees of 
membrane crosslinking for radiation and thermal crosslinked PDMS membranes. 
PDMS membranes with radiation crosslinking dosages of 50 kGy consistently showed 
higher xylene fluxes compared to those manufactured at 100 and 200 kGy. A lower 
degree of crosslinking resulted in higher xylene permeability and vice versa. The 
thermally crosslinked PDMS membrane was reported to exhibit the lowest xylene 
permeability which suggested that it exhibited the highest crosslinking density of all 
PDMS membranes tested. 
Vankelecom et al. [16] investigated the flux-performance and swelling of both PDMS 
based MPF-50 membranes from Koch and in-house manufactured PDMS membranes. 
They found that for a methanol penneation experiment at a constant pressure with the 
MPF-50 membrane, an initial flux of381/m2 h declined to achieve a constant flux of25 
11m2 h after approximately 1 h. This suggested that the obs6rved flux decline was due to 
membrane compaction. Due to the applied pressure, the dense top separation layer was 
considered to squeeze slowly until equilibrium was reached with a constant flux. The 
possibility of concentration polarisation and fouling was not taken into consideration as 
'pure' methanol was used. The authors stated that membrane compaction was reversible. 
Interestingly, some researchers [17-22] found that the organic solvent flux increases 
linearly with pressure and membrane swelling plays a significantly important role in 
solvent penneation rates. Kosaraju et al. [17] reported that methanol and water flux 
through polypyrrole (PPy) SRNF membranes increased linearly with the applied trans-
membrane pressure.· They suggested that the linear relation indicated no pore 
deformation at higher pressures. Similarly Robinson et al. [18] reported how xylene flux 
through PDMS membranes increased with transmembrane pressure. It was found that 
potential membrane compaction occurred at pressures of 1-3 bar, with no further 
membrane compaction thereafter up to 9 bar as interpreted from the linearity ofthe flux-
pressure relationship. The authors stated that solvent permeation through a PDMS 
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membrane obeyed Darcy's Law and could be interpreted as behaving as if the dense 
membrane (with no defined pore structure) actually had pores. Paul et al. [23] has 
showed declining fluxes at increasing pressures with rubbery membranes, however they 
did not comment on this in relation to compaction. 
Semiat et al. [20] reported that the parameters which govern solvent flux are trans-
membrane pressure, temperature and solvent properties such as solubility parameter, 
dielectric constant, molecular size and dipole moment. They obtained linear flux-
pressure relationships with non-polar solvents (decane, butyl acetate and acetone) 
through MPF-50 membranes and non-linear falling rate behaviour with polar solvents 
(methanol, ethanol, iso-propanol, n-butanol and n-pentanol). They stated that this 
phenomenon was due to the increasing molecular weight of the solvents. Temperature 
was found to increase solvent flux. It was usually hypothesised that the rise in 
temperature increased solvent flux through either a reduction of solvent viscosity, or an 
increase in solvent diffusion coefficient or by an increase in polymer chain mobility or a 
combination of all. Solubility parameter was used to rationalise the levels of solvent 
flux .. Higher fluxes were evident with non-polar solvents while lower fluxes were 
evident in the case of polar solvents. PDMS was reported to have a solubility parameter 
of 15.5 MPa°.5. 
Bhanushali et al. [21] investigated non-polar solvents such as pentane, hexane, octane 
and decane with solubility parameters of 14.5, 14.9, 15.5 and 15.8 MPaO.5, respectively, 
where pentane exhibited the highest flux through a MPF-50 membrane followed by 
hexane, octane and decane. Similar observations were reported by Robinson et al. [19] 
with low-polarity solvents such as n-heptane, i-octane and xylene and PDMS/P AN 
membranes. Solvents with solubility parameters closest to that of PDMS membrane 
exhibited higher solvent fluxes. n-heptane with a solubility parameter of 15.3 MPaO.5 
was observed to exhibit the highest solvent flux. 
From the previous studies up to this point, the parameters affecting solvent flux can be 
summarised as solvent type, transmembrane pressure, membrane swelling, membrane 
crosslinking density, temperature and membrane material. 
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Rejection can take place in two principal ways, either at the surface of the membrane or 
through its depth regardless of whether it was manufactured as a porous or dense NF 
membrane. Surface rejection can occur via several mechanisms, including: 
• Size exclusion - The solute is too large or the shape of the solute is sufficiently 
complex to prevent entry into the transport regions of the membrane. 
• Adsorption - Differential adsorption at the membrane surface, any permeating 
components may diffuse at different rates. 
These three concepts have been proposed for solute rejection mechanisms in non-
aqueous NF systems that utilise dense membranes. The solution-diffusion model was 
first proposed by Lonsdale et al. [24] where permeation is considered to take place by a 
substance dissolving into the membrane material and diffusing through the free-volume. 
Hence, selectivity of the membrane is governed by differences in the solubility and 
diffusivity of the permeating species. An alternative approach is the pore-flow model, 
which suggests that a membrane has a permanent and manufactured pore structure 
through which solvents and solutes can permeate according to their size. Due to the 
arguements of pore-flow and solution-diffusion modellers, a combination of the two 
transport mechanisms have emerged, for instance as interpreted by the Speigler-Kedem 
(SK) model proposed by Speigler et al. [25]. The SK model suggests that transport of 
substances through a membrane occurs via a combination of convection and diffusion. 
The SK model analysis suggests convective coupling aspects, however, the model does 
not have parameters which take into account specific interactions between the solute 
and membrane. Matsuura et al. [26] developed a surface force-pore flow (SFPF) model 
that considers several aspects of transport such as solute-solvent-membrane interactions 
and type of solvent. The frictional force balance is used as a starting point for the basic 
derivation. The model considers radial velocity profile and uses momentum balances to 
obtain a relation between the observed solute rejection and other parameters. 
Chen et al. [27] performed a study on rejection based on pesticides with molecular 
weights from 198-286 glmol using a polyamide Filmtec NF70 membrane. They found 
that the rejections increased as molecular weight increased with a sharp increase to 
100% rejection being observed around a molecular weight of 200 glmo!. One of the 
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pesticides used, Diuron, which exhibited a relatively high molecular weight of 233 
glmol showed a low rejection. The authors concluded that the NF70 membrane contains 
certain structures which promote the passage of Diuron. The highest percent rejection 
was reported to occur at a lower flux. Solvent-membrane interaction was taken into 
account and it was shown that solvents with different solubility parameter swelled the 
membrane to different extents yield higher or lower solute rejections. Similar 
observations for solutes with higher molecular weights exhibiting intermediate instead 
of complete rejection were reported by Tarleton et al. [28]. They evaluated the rejection 
of organometallics and poly-nuclear aromatics (PNA) in organic solvents using 
PDMSIPAN membranes. The MWCO of an 80 kGy radiation crosslinked membrane 
was reported to be in the region of 350-400 glmol for a xylene solvent as shown in 
Figure 3.3. However, some solutes with molecular weights greater that 500 glmol 
(solute 13, rubrene) exhibited a rejection lower than intuitively expected. The authors 
suggested that such a phenomenon was indicative of a relatively small solute with high 
molecular weight penetrating the PDMS membrane. Interestingly, rubrene falls into line 
when the limiting solute rejection is plotted against solute size where it shows a more 
appropriate cut-off graph. This potentially suggests that the PDMS separation layer 
rejecting low-polarity, minimally interacting solutes on the basis of exclusion. It was 
stated that size-exclusion mechanism seemed unlikely for dense membranes like PDMS 
as solute (and solvent) transport is intuitively diffusive. Larger molecules can be 
expected to have very low diffusion rates through PDMS, and thus high rejections, 
smaller molecules would be expected to give zero rejections where a more convective 
transport may dominate. 
Solute shape is also of importance in NF processes. From Figure 3.2, it is clear that 
despite, rubrene, a solute with a molecular weight of 532 glmol exhibited lower 
rejection than iron (Ill) naphthenate (MW = 373 glmol). This is due to the shape of 
rubrene (refer to Appendix 1) is slightly elongated and narrower compared to iron (Ill) 
naphthenate, which is branched. It is postulated that iron (IIl) naphthenate with a more 
complex shape is rejected via surface exclusion or depth capture by the membrane 
which resulted in a higher solute rejection compared to rubrene. Of note, copper (ll) 
naphthenate (solute 14 on Figure 3.2 with MW of 612 glmol) shows slightly lower 
rejection value compared to iron (Ill) naphthante. This is due to the long cylindrical 
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shape of copper (11) naphthenate where a small fraction of solute were potentially 
transported through the membrane via the narrower end of the solute. 
1.2 -,---------------------, 
1.0 -1--- - - -'-- - - -El- - - - - --
12 V14 
.S O.S-
0.4 -
0.2 -
1,2 3,4,5,6.7 
11 
.... 9. 
a V <:> 10 
• 13 (rubrene) 
0.0 -t----.-~."r_~~~-----r_,----',~----~,-----r_,----' 
o 1 00 200 300 400 500 600 700 
Molecular weight (g/mol) 
Figure 3.2 - Effect of solute molecular weight on solute rejection from a xylene solvent 
[28]. 
The results reported by Chen et al. [27), Tarleton et al. [28) and also Agenson et al. [29, 
30]; suggest that solute rejection is dependent on either size exclusion or diffusion 
controlled mechanisms. Chen pointed out a size exclusion mechanism will dominate 
when a molecule is too large to pass through the active membrane film whereas if a 
molecule is sufficiently small that no significant solute-membrane interactions occur, 
then convection will dominate to give zero rejection. 
Morao et al. [31) studied the transport of polyethylene glycols (PEG) and a dextran 
using a polyamide NFT-50 thin film composite ROINF membrane; they found that PEG 
rejection was dependent on both pressure and pore asymmetry. The authors suggested 
that an increase in pressure compacts the polyamide separation layer resulting in less 
free-volume for the solutes to move through. Their model of asymmetric pores 
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strengthens the fact that the backing layer of a membrane generally exhibits no 
separation characteristics in NF. 
Dickson et al. [32] studied the removal of sodium fluoride from water using negatively 
charged thin film composite SR-l, DS-5-DL and DS-51-HL membranes. It was reported 
that solute rejection increased with solvent flux and was directly related to filtration· 
pressure. The occurrence of this phenomenon may be due to membrane compaction 
under the applied pressure which results in more-confined transport regions in the 
membrane. It must be noted, however, that the flux-pressure relationship remained 
linear. Similar observations have also been reported by several other workers [17-21,24, 
33]. 
Bhanushali et al. [35] studied the transport of tetracosane, orange II, safranin 0 and 
tripalmitin through polymeric membranes (cellulose acetate and MPF60) in organic 
solvents such as hexane, methanol and ethanol. They reported that the rejection of 
tripalmitin in hexane increased with transmembrane pressure, however, only to a certain 
extent. Solute rejection achieved a plateau at higher pressures (27 and 40 bar). 
Interestingly, their solute rejections appeared to increase with increasing temperature. It 
was reported that rejection of tripalmitin (0.95 at 40 bar) is higher when the temperature 
of the system is 45°e compared to 300e (0.89 at 40 bar). 
Livingston et al. [36] investigated the effects of solute concentration on solute rejection 
and flux profiles for partially rejected species in concentrated (5-30 wt%) methanol-
dimethyl methyl succinate (DMMS) solutions with two commercially available SRNF 
membranes (S-122 and MPF-50). Increasing DMMS solute concentration produced no 
significant change in rejection for the MPF-50 membrane whereas rejection versus 
pressure for S-122 was constant at 30% over the concentration range 8-15 wt.% then 
decreased to 18% at a DMMS concentration 33.2%. Their findings were consistent with 
Peeva et al. [37] who used similar S-122 membranes with toluene solutions. Also, work 
done by Tarleton et aI, [28] showed no significant change in either rejection or flux with 
an increase of solute' concentration. It was suggested that the tested solute 
concentrations in the range 10-75 ppm were not sufficient to significantly influence the 
degree of solvent induced membrane swelling that might well lead to concentration 
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polarisation/fouling changing rejection profiles. This possibly could be due to the low 
solute concentrations «I wt%) investigated compared to other workers [36, 37]. 
One of the important factors that are thought to govern rejection is the degree of 
crosslinking present in a membrane. Tarleton et al. [14] investigated the influence of 
crosslinking on the separation performance of PDMS/P AN NF membranes with 
organometallics and polynuclear aromatic solutes. Two variants of PDMSIP AN 
membrane with various crosslinking (radiation and thermal) were used with xylene 
solutions. It was found that the highest rejection occurred with the thermal crosslinked 
membrane whereas radiation crosslinked membranes consistently exhibited lower 
rejection profiles. Among the radiation crosslinked membranes investigated, those 
treated with 50 kGy radiation consistently showed lower rejection than 80 kGy and 200 
kGy treated membranes. 
Stamatialis et al. [11] investigated on the effect of the degree of crosslinking using 
vinyl-terminated pre-polymer (RTV A) and catalyst (RTV B) as a crosslinker with 
polymer to catalyst ratios of 1010.7, 1011 and 10/2. They reported that the membranes 
exhibited similar rejection results for n-hexane/poly isobutylene (PIB) solutions. The 
PIB rejection profiles increases as a function of increased molecular weights. Their 
results estimated a MWCO (solute that is rejected at a level of 90% by the membrane) 
of around 1200-1250 glmol for all the membranes tested. The degree of crosslinking 
was found to not sufficiently affect the MWCO but it was evident that the partition 
coefficient ofPIB decreases with the increased crosslinker content. 
It is clear that the filtration pressure, degree of crosslinking, solvent type and solute size 
affect the extent of solute rejection, however, the effects of solute geometry and 
orientation on rejection have also been investigated. Santos et al. [38] investigated 
rejection of uncharged compounds (glucose, glycerol, I-butanol, etc.) using polyamide 
Desal-5-DK NF membranes with a MWCO 150-200 glmol in n-alcohols and di-
alcohols. An increase in transmembrane pressure causes the membrane separation layer 
to compact and solute rejection was found to increase. Larger solutes experienced a 
greater resistance during permeation than that of smaller solutes. The authors assumed 
that the membrane structure could be represented as a bundle of straight cylindrical 
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pores with unifonn radius that extended throughout the membrane depth: The 
preferential rejection towards the solute type will be the long cylindrical crystal 
molecule whereas the circular molecule would pass through the membrane due to the 
orientation of the molecules. Interestingly, Santos et al. [38] developed a Geometric 
model which predicted preferential orientation angle for a molecule and a given 
filtration pressure; the experimental results obtained could be described with a fixed 
orientation angle value. This would then result in an effect of increasing convective 
forces which then become more dominant. The authors stated that solute characteristics 
(size, shape, symmetry, and location of any functional groups) are fundamental to how 
the solute orients during the uptake into the membrane, transport through it and 
therefore rejecting the solute. 
Similar findings were reported by Zheng et al. [39] for neutral solutes (acetates with 
MW ranging 116-228 glmol) in methanol and NF membranes (polyimide S-122, S-240 
and PDMS MPF-44). They reported that solute rejection increases with solutes of 
similar shape for the membranes tested. It was reported that despite the similar 
molecular weight of solutes, solute shape actually detennines the preferentially 
transported. Linearly shaped molecules penneated with greater ease compared to 
cyclohexyl molecules whereas branched molecules showed lowest penneability. Solutes 
with linear molecular shape exhibited lower rejection profiles to that of branched and 
cyclohexyl, which was probably due to reduced steric hindrance through the membrane 
structure. 
Bradshaw [40] investigated the effect of solute (organometallic and polynuclear 
aromatic) shape (linear and trigonal planar molecule) in xylene with membranes used 
previously described by the workers [14, 18, 19, 28]. A linear molecule was rejected 
less than a trigonal planar molecule of comparative size. Bradshaw [40] suggested that 
non-manufactured 'pores' were evident within the membrane structure. This finding 
clearly suggests that the effect of solute geometry plays an important role in solute 
rejection. 
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3.2 Solvent Flux 
Results shown in this section are representative of all solvent flux data obtained 
experimentally. Refer to Appendix 2 for additional results. 
3.2.1 Repeatability 
To ensure a repeatability of flux-pressure data, experiments were conducted using a 
radiation crosslinked membrane and n-heptane, i-octane and xylene as solvents. Figures 
3.3 and 3.4 shows typical results for the repeatability and possibility of hysteresis for 
solvent flux respectively. 
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Figure 3.3 - Repeated flux-pressure experiments for n-heptane, i-octane and xylene with 
a radiation cross linked PDMSIPAN membrane (repeatability based on 8 experiments). 
It is clear that all solvents tested with the radiation crosslinked membrane exhibited a 
linear flux-pressure pressure relationship with slight standard deviation of3.00 at 8 bar 
for n-heptane, 1.32 for i-octane and 0.89 for xylene. From Figure 3.4, it can be seen that 
the standard deviation for n-heptane solvent is higher than i-octane and xylene. It is 
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postulated that n-heptane swells the membrane to a higher extent resulting in the 
polymers in the membrane to move more freely, hence, a higher standard deviation. As 
to compared to xylene which is a poor swelling solvent, the polymers in the membrane 
does not move/slide as freely hence a lower standard deviation. It is also obvious that 
the order of solvent fluxes are as according to the solubility parameter where n-heptane 
a good swelling solvent exhibits a high solvent flux and conversely to xylene. 
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Figure 3.4 - Hysteresis tests in n-heptane with a radiation cross linked PDMS/PAN 
membrane. 
The flux-pressure relationships were established by running each experiment with 
incrementally applied pressure from 2-8 bar and then corresponding decrements in 
pressure; after each pressure step 10 min was allowed for the system to achieve steady 
state. Throughout the testing, slight hysteresis was observed. However, the hysteresis 
falls in the experimental repeatability standard deviation range as shown in Figure 3.3, 
hence the hysteresis can be neglected. This implies that after a given time, the 
membrane regains a similar fonnlselective layer thickness after the release of pressure 
which gives comparable flux levels shown in Figure 3.5. 
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3.2.2 Effects of Pressure and Solvent Type 
An example of the measured flux-pressure relationships for xylene, n-heptane and i-
octane is shown in Figure 3.5. 
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Figure 3.5 - Flux-pressure relationships n-heptane, i-octane and xylene with a 
radiationed cross linked membrane. 
The flux of xylene, n-heptane and i-octane ranged from 0-55 11m2 hr depending on the 
solvent type and trans-membrane pressure. The flux of xylene was the lowest of the 
three solvents investigated. The likely explanation for this phenomenon is that n-
heptane is a better swelling solvent than xylene and i-octane resulting in higher free-
volume between the polymer chains as well as viscosity of solvents used. The ability of 
the solvents to swell the membrane was governed by the solubility parameter. For 
swelling results, refer to Section 2.3.4.2. 
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Radiation crosslinked membranes in n-heptane, xylene and i-octane exhibit a solvent 
induced membrane swelling of 3.7 !lm, 3.0 !lm, and 3.2 J.lm respectively with no applied 
pressure. The PAN backing layer of the composite membrane has been reported to not 
affect solvent transport [18], hence it could be assumed that any structural changes in 
the PAN backing layer have a negligible effect on solvent transport. This in turn infers 
that the linear flux-pressure behaviour observed in Figure 3.5 is due exclusively to the 
presence of the PDMS layer. It was previously shown that the membrane compacts over 
the pressure range 0-10 bar. With n-heptane, membrane compaction was significant for 
pressures in the range of 0-2.9 bar where membrane swelling dropped significantly from 
3.7 J.lm to 1.2 J.lm and then a plateau in the range 3-9 bar to give further compaction 
from 1.2 !lm to 0.8 !lm. At lower pressures (0 up to 2.9 bar), membrane compaction 
showed a sharp decrease, however no detrimental effects on solvent flux were observed. 
At higher pressures (3-9 bar), no step change in membrane structure occurs as 
evidenced by the linearity of the flux-pressure relationships. Similar observations were 
reported by Robinson et al. [18]. 
With solvent flux showing linear flux-pressure relationships, it could be postulated that 
the membrane compaction does not affect the transport of solvents through the 
membrane. As one would intuitively expect, a compacted membrane would result in 
less free-volume and smaller 'pore' sizes and provide more resistance to solvent flow 
with a subsequent effect on the flux-pressure relationship. However, this did not appear 
to be the case. For a pure liquid, solvent flux behaviour through a porous bed can be 
described by the Hagen-Poiseuille equation for viscous flow to give a linear flux-
pressure relationship. If it is assumed that the bed does not compact, then porosity, pore 
size, membrane thickness and tortuosity will remain constant. However, in the current 
situation, membrane compaction has been shown and, these tenns will tend to change. 
In theory, if membrane thickness (L) decreases, it could be postulated that the porosity 
(8) and pore size (r) decreases. Hence, there could be several explanations to membrane 
compaction and the linear flux-pressure relationship. 
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• Reduced swelling which was in the regions of microns which may not be 
sufficient to provide resistance to solvent transport. 
The current findings are in agreement with Sirkar et al. [17] and Robinson et al. [18, 19] 
who found that the flux of low-polarity organic solvents increased linearly with trans-
membrane pressure. Similar findings were found by Scarpello et al. [10]. 
In studies with PDMS membranes, several workers have found that solvent flux was 
governed, in part, by its viscosity [20, 21] which may imply a form of hydraulic 
mechanism (see Figure 3.6). 
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Figure 3.6 - Solventflux versus pressure corrected/or viscosity. Datafrom Figure 3.6. 
Although limited data have been obtained, similar trends of linear flux-pressure 
relationship were observed with three distinct correlations being identified for cyclic 
(xylene), n-alkane (n-heptane) and i-alkane (i-octane) which showed different, but 
consistent, gradients. This was somewhat surprising as the solvent transport through a 
dense membrane to be interpreted as if the membrane has 'pores' which in turn infers a 
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form of hydraulic mechanism. Each individual solvent group appeared to affect the 
membrane properties due to interactions with the membrane material. 
3.2.3 Effects of Membrane Type 
Figure 3.7 shows solvent flux data for n-heptane with two PDMS/P AN composite 
membranes of different crosslinking as a function oftrans-membrane pressure. 
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Figure 3. 7 - Flux-pressure relationship for n-heptane for two PDMS/PAN composite 
membranes. 
The n-heptane flux increases linearly with applied pressure in both cases, with the 
different shapes correlating well with the relative swelling of the two membranes. A 
different approach that allows the effect of swelling to be investigated is to vary the 
degree of crosslinking of the membrane material. Upon contact with the same solvent, 
the membranes with lower degree of crosslinking will swell more (3.7 )lm) than those 
with higher degree of crosslinking (2.6 )lm) due to less mechanical stiffuess imparted by 
the crosslinking bonds (Refer to Chapter 2 for additional swelling measurements). 
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From the slopes of the plots in Figure 3.7, the n-heptane permeance (Pn.heptane) can be 
calculated as 6.2 11m2 h bar for the radiation crosslinked membrane, and 3.0 11m2 h bar 
for the thermal crosslinked membrane. For a given pressure, the n-heptane flux was 
higher with the radiation crosslinked membrane, consistent with the fact that a 
membrane with a higher degree of crosslinking exhibits a lower flux. For the radiation 
crosslinked membrane, the n-heptane permeance is higher. The SEM images in Chapter 
2 show that the two membranes have different physical appearance. The radiation 
crosslinked membrane has a distinct separation layer whereas the separation layer of the 
thermal crosslinked membrane appeared to intrude into the PAN supporting layer. There 
are several factors which might affect the solvent transport. 
It could be that the pore intrusion for the thermal crosslinked membrane provides a 
region where flow is restricted. During the thermal crosslinking process, the membrane 
was placed into an oven where high heat (65°C) evaporated most of the organic solvents 
(e.g. n-hexane) in the free-volume between the polymer chains then the crosslinker 
starts to bond with the polymer chains resulting in smaller and tighter voids. Different 
chemical composition of the PDMS is also a likely factor. 
Using membranes crosslinked in different ways, Hoek et al. [41] studied the impacts of 
organic solvent properties on separation performance, film structure and interfacial 
properties. They reported that higher fluxes and good rejection can be obtained with 
thinner and a more heavily crosslinked membrane. However, in contrast, Tarleton et al. 
[14] reported that a more heavily crosslinked membrane will result in good rejection but 
exhibit a lower flux. They showed that a thinner separation layer resulted in a better 
solvent flux. 
3.2.4 Membrane Stability and Performance 
In order to assess the long term stability of the composite membranes, solvent flux and 
solute rejection were measured over periods up to 40 days and the results are depicted in 
Figure 3.8 and Figure 3.9 respectively for several membrane samples at a set pressure 
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of 5 bar. It was found that the solvent flux varied ±8% for membrane Sample 6 and 10 
(both radiation crosslinked membrane) in n-heptane. All membranes were found to be 
sufficiently stable in the tested solvents for periods up to 1 year. In that period of time, 
the membranes remained in the module unless different batches of membranes were 
tested. No particular effort was made to keep the membrane wet, however a small 
amount ofliquid always remained in the module even after the membrane module, pipe 
work and the reservoir had been drained. Solvent flux at other pressures exhibited 
similar results. The solvent flux fluctuations in Figure 3.8 could be interpreted as a 
temperature difference between daily experimental work. As previously discussed, 
temperature could be postulated as an affecting parameter to solvent flux where it 
increases the mobility of the polymer ch<rins and decrease in solvent viscosity hence 
leading to higher fluxes despite a same membrane used. 
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Figure 3.8 - Solvent flux of i-octane and n-heptane plotted against time. Data obtained 
with radiation and thermal cross linked membranes at 5 bar. 
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Figure 3.9 - Rubrene rejection in n-heptane plotted against pressure. Data obtained 
with radiation cross linked membranes. 
n-heptane flux for membrane Sample 6 was significantly higher than that of membrane 
Sample 10, as depicted in Figure 3.8, which intuitively suggests that the PDMS layer of 
the composite membrane is damaged. According to Figure 3.9, solute rejection results 
suggest the separation efficiencies are very similar for both membrane samples which in 
turn suggest that the solvent flux and nitrogen permeation are not good indicators of 
whether a membrane is damaged. 
3.3 Solute Rejection 
Results shown in this section are representative of all solute rejection data obtained 
experimentally. Appendix 2 shows some additional results. 
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3.3.1 Effects of Pressure and Solvent Type 
The effect of pressure on solute rejection was investigated for the 9 solutes described in 
Chapter 2 using either n-heptane, i-octane or xylene as the base solvent (refer to Figure 
3.10). 
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Figure 3.10 - Rejection of 20 ppm solutes in n-heptane with radiation cross linked 
membrane plotted as a function of trans-membrane pressure. 
Solute rejection generally increased with increasing pressure where greater changes in 
rejection were observed at lower pressures (1-3 bar) after which there was a tendency 
towards a plateau at higher pressures (4-8 bar). Rubrene, iron (III) acetyleacetonate, 
9, I O-diphenylanthracene and tetraphenylethylene overlap each other in the range of 2-3 
bar. This phenomenon may be due to the fact that these solutes are approximately of the 
same molecular size (Refer to Table 2.2). The four solutes exhibited plateau at higher 
pressures (4-8 bar) which may infer that membrane compaction has an affect on solute 
rejection. Refer to Figure 3.11 for solute rejection and membrane expansion correlation 
under applied pressure. 
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Figure 3.11- Solute rejection (rubrene) and membrane expansion correlation under 
applied pressure. 
When pressure is applied, the membrane expands less because of the restriction of the 
pressure which results in less free-volume within the polymer matrix. It is worth noting 
that the membrane swelling results were of one-dimentional. The condition of the 
membrane . in the membrane swelling apparatus was different compared to the 
membrane in the membrane module. In the swelling apparatus, mechanical pressure was 
applied to the membrane compacting the membrane vertically with the membrane 
flattened out horizontally whereas this was different to that of in the membrane module 
with pressure imposed on the membrane from all directions. The membrane may then 
tend to act as a sieve and selectively allow certain solutes of specific shapes and sizes to 
pass. 
Ferrocene did not exhibit any rejection as it was smallest solute used with a maximum 
size of 0.538 nm. It seems that even with an imposed pressure the transport regions in 
the membrane were too large to prevent passage of such small solutes. The rejection 
profile of pyre ne (0.848 nm) and coronene (0.981 nm) showed should be viewed with 
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some caution as the relatively low rejections in the range of 3-8 bar are within the 
standard deviations of measurements. Thus, pyrene and coronene could be taken as non-
rejecting solutes in n-heptane and only larger solutes (> 0.99 nm) such as 
tetraphenylethylene, rubrene and etc. exhibit significant rejection. 
Ferrocene, pyrene and coronene are postulated to be transported through the PDMS 
layer not via diffusion but convection. If small solutes « 0.99 nm) were transported via 
diffusion, it could be reasonably expected that some solutes would be partially rejected 
whereas in fact, no rejection was observed. In contrast, copper (II) naphthenate may 
partially transport via diffusion even though it is the largest solute (1.818 nm). Copper 
(II) naphthenate could be speculated to be partially rejected by size exclusion at low 
pressures (2-3 bar), where free-volume is greater. With a lower free-volume brought 
about as higher pressures, a large solute may diffuse through the PDMS layer at lower 
rates whereas intermediate sized solutes transport via both convection and diffusion. 
(Predictive modelling indicates that copper (II) napthenate exhibits the lowest diffusion 
rate of all the solutes tested. Intermediate sized solutes are postulated to transport via a 
combination of convection and diffusion as predicted by the Spiegler-Kedem model, etc. 
Refer to Chapter 5 for additional results). 
It is also postulated that different solvent types affect rejection profiles. From swelling -
results shown in Chapter 2, one would intuitively 'expect a high rejection is a result of 
reduced membrane swelling caused by a poor swelling solvent and vice versa for a good 
swelling solvent. With reduced swelling, the solutes are unable to penetrate the 
membrane where higher fractions of solutes are retained in the bulk solution resulting in 
high rejection profiles. A typical representation of solute rejection in various solvents is 
shown in Figure 3.12. 
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Figure 3.12 - Rejection 0120 ppm rubrene in xylene, i-octane and n-heptane plotted 
against pressure with a radiation cross linked membrane. 
Figure 3.12 shows the typical effects of solvent type on solute rejection over a range of 
pressures. The solute rejection in n-heptane increases with applied pressure to reach a 
near plateau value, whereas although the trend for i-octane and xylene is similar, no 
asymptotic value was achieved over the ranges of pressure studied. The degree of solute 
rejection of rubrene in the three solvents used, i-octane (.5=14.3 MPao.s), n-heptane 
(.5=15.3 MPao.s) and xylene (.5=18.2 MPao.s) confirming the results shown in Figure 2.9, 
strengthens the hypothesis that the rejection of low-polarity solute.s are primarily 
dependent on the degree of membrane swelling. Similar experimental observations have 
been reported by a number of workers. For instance, Scarpello et al. [10], Stafie et al. 
[11], Tarleton et al. [14, 28], Sirkar et al. [17], Livingston et al. [36] and Miao et al. [42] 
all report that solute rejection increases with increasing pressure. Interestingly, Uyak et 
at. [43] reported otherwise where rejection was observed to decrease with increasing 
pressure, although the solvent here (water) is highly polar. 
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The order in which solute rejections appear in Figure 3.12 supports the above 
hypothesis; the best solvent for PDMS membrane, n-heptane, swells the polymer the 
most which in turn leads to the lowest solute rejection. Membrane swelling 
measurement results show that PDMS swells more in n-heptane (refer to Figure 2.9 and 
Table 2.5 for swelling data) and thus that, the available free-volume between the PDMS 
polymer chains increases more. The following hypothesis could explain this 
phenomenon: when the available space exceeds the size and molar volume of the solute 
[44], the mobility of the solute increases dractically as shown in Figure 3.12. n-heptane, 
which is a better swelling solvent compared to i-octane and xylene, has a higher affinity 
with the composite membrane which allows the solutes to be transported across the 
membrane when pressure is applied. The least-swelling solvent, xylene, induces the 
smallest spaces between polymer chains and hence yields the highest rejection. i-octane 
is an, intermediate swelling solvent of all 3 solvents used, where its rejection profile is 
lower than in xylene and higher than in n-heptane. 
From the data shown in Figure 3.12, it is clear that solute rejection is highest in xylene, 
lowest in n-heptane and intermediate in i-octane which could be directly related to the 
solubility parameter of the solvents. n-heptane (good swelling solvent) expands the 
PDMS to the greatest extent freely allowing more solutes to be transported through the 
membrane. This results in lower rejection and potentially promotes hydraulic 
permeation whereas the higher rejection in xylene is due to its poorer swelling nature. 
By relating all information together, it can be concluded that a good swelling sol vent for 
a membrane results in high flux and low solute rejection due to the more extensive 
membrane swelling and vice versa for a poor swelling solvent. A more thorough 
discussion on the relation of membrane thickness to 'pore sizes' and transport 
mechanism is shown in Chapter 5 (Section 5.3). 
Some of the data in Chapter 2 suggests that membrane compaction under applied 
pressure is greater in n-heptane than in xylene which may indicate that solute rejection 
in n-heptane could exhibit the highest rejection amongst all solvents used but it was 
worth noting that PDMS membrane swells more in n-heptane as well. With n-heptane 
being a good swelling solvent, it is able to penetrate and swelling the PDMS membrane 
to its highest extent whereby the polymer chains were able to move more freely and can 
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be compacted easier. It was postulated that with more solvent (n-heptane in this case) 
occupying the free-volume of the polymer matrix, there are higher chances of more 
solvent could be removed when pressure is applied onto the membrane albeit to a 
certain extent due to the solvent-membrane intermolecular forces. 
Some authors [14, 18,28] have suggested that upon swelling, the polymer network in 
PDMS expands to such an extent that a degree of hydraulic permeation can occur 
through an increased free volume between the polymer chains. Such conclusions were 
made based on Robinson et al. [18] who modelled the Hagen-Poiseuille equation to 
organic solvents (alkanes and cyclics) flux data and observed a good correlation. It was 
reported that the PDMS membrane could behave as if it had physical pores, in a manner 
to the 'solute-solvent coupling' suggested by Bhanushali et al. [35]. 
The solvent/solute/membrane systems investigated were of low polarity, so it can be 
inferred that the results shown in Figures 3.10, 3.i1 and 3.12 are caused predominantly 
by physical characteristics of the solute, structure of the membrane and the swelling 
effect of the solvent rather than any physio-chemical interactions between solute and 
solvent or solute and membrane. (Refer to Section 3.3.3 for more thorough discussions). 
3.3.2 Effects of Membrane Type 
A different approach that also allows the effect of swelling to be investigated is to vary 
the degree of crosslinking of the membrane material. Two sets of experiments were 
performed using n-heptane as a base solvent with 20 ppm rubrene as the solute. The 
rejection performance of the radiation crosslinked membrane was compared with the 
thermally crosslinked membrane (see Figure 3.13). 
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Figure 3.13 - Rejection of rubrene in n-heptane plotted against pressure for two 
different membrane types. 
Even at lower pressures, there is significant difference in the separation perfonnance of 
the membranes. The rejection of rubrene for the radiation crosslinked membrane tended 
towards a plateau whereas the thermal crosslinked membrane still showed increasing 
rejection at higher pressures. Experiments at higher pressures were prevented by the 
limitations of the test apparatus. Relating the membranes used to the solvent flux 
experiments, the radiation crosslinked membrane consistently exhibited higher fluxes 
compared to the thennal crosslinked membrane (see Figure 3.8). The combined 
rejection and flux data indicates that the thennal crosslinked membrane is more 
crosslinked than the radiation crosslinked membrane as evidenced by the lower solvent 
fluxes and higher solute rejections. 
The lateral expansion of the thennal crosslinked membrane in n-heptane (1.23 /lm) and 
zero pressure is lower than the radiation crosslinked membrane (3.67 /lm) which infers 
that the thermal crosslinked membrane is more crosslinked (see Table 2.6). Although it 
was worth noting that the thennal crosslinked membrane swells 82% compared to that 
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of radiation crosslinked membrane which swells 184%, but it was postulated that such 
difference would not make up to the swelling imposed by the radiation crosslinked 
membrane. The degree to which the membrane swells in low-polarity solvents is 
dictated by the expansion of the top selective layer. The extent of expansion is related to 
the degree of crosslinking and may be influenced by the amount of intrusion of the top 
selective layer into the backing layer (see Figure 2.2 for SEM images of the 
membranes). The radiation crosslinked membrane has a distinct selective layer which is 
likely to swell relatively freely, whereas the thermal crosslinked membrane has a 
selective layer which is partially embedded into the backing layer and may tend to 
restrict swelling of the polymer. 
All measured rejection profiles appeared to be a function of pressure and, by way of 
example, rejection tests for rubrene and tetraphenylethylene solutes in n-heptane with 
both membranes are shown in Figure 3.14. 
1.0,------------------------------------------------, 
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Figure 3.14 - Rejection of rubrene and tetraphenylethylene in n-heptane plotted against 
pressure for two different membrane types .. 
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Figure 3.14 indicates consistent increment with increase in pressure with the thennal 
crosslinked membrane demonstrating higher degrees of rejection. At lower pressures, 
the rejection profiles for the 2 solutes with the radiation membrane overlap. Here, the 
radiation crosslinked membrane swells up to such an extent, that both solutes, even 
though of different molecular size, are able to penneate the membrane at those 
particular pressure range. However, above 4 bar, the solute rejection obtained for 
rubrene is higher. For those two solutes, tetraphenylethylene has a smaller solute size 
(1.166 run) compared to rubrene (1.348 run) and consistently exhibits lower rejection 
profiles. From Figure 3.13, it is evident that molecular size will influence solute 
mobility to an extent that smaller solutes could show a larger contribution from 
convection transport (refer to Chapter 5 for modelling data). The obstruction of the 
polymer chains to solute transport becomes less dominant for the smaller solute, so 
'solvent-solute coupling' is more likely to occur. 
Similar observations to Figure 3.14 were reported by Silva et al. [36] where solute 
rejection increases with increasing pressure. They showed that the pore-flow 
overestimates high concentration rejection values for the tested pressures (20, 25 and 30 
bar) and hydrophilic S-122 polyimide membrane. On the other hand the solution-
diffusion predictions were found to be quite close to the experimental trends. However, 
the solution-diffusion model was more accurate with higher solute concentration 
(DMMS) range (27-34 mass fraction %) in methanol. This infers that the membrane has 
tightly crosslinked polymer chains, which would potentially result in solute transport 
via diffusion rather than pressure driven as stated by Wijmans et al. [4]. 
3.3.3 Effects of Solute Shape and Size 
The conventional method of detennining the MWCO of a membrane is to plot solute 
rejection against molecular weight. In UF systems, molecular weights are sufficiently 
large (i.e. 1000-100,000 glmol) that the solute size can be assumed to increase more or 
less direct with increasing molecular weight, however this could result in a different 
behaviour in NF. Figure 3.15 shows a correlation of solute rejection and molecular 
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weight in the range 186-611 glmol; the solutes used were organometallics and 
polynuclear aromatics. Refer to Table 2.2 for solute names, classifications and sizes. 
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Figure 3.15 - Solute rejection at 8 bar in xylene plotted against solute molecular weight 
with a radiation crosslinked membrane [47]. 
A typical MWCO graph exhibits an 'S-shaped curve'. In Figure 3.15, the data appear to 
have a dip at 532 glmol whereas the cut off of the membrane was in the region of 300-
400 glmol for the chosen xylene solvent. Similar observations were also reported by 
Zheng et af. [39] with linear, branched, cyclic and branched cyclic neutral solutes in 
methanol for hydrophobic polyimide STARMEM 122 and 240 membranes and a 
hydrophilic PDMS MPF-44 membrane with MWCO of 220, 400 and 200 glmol 
respectively as shown in Figure 3.16. Of particular interest, two solutes (linear octyl 
acetate and branched 2-ethylhexyl acetate) with similar molecular weights (-172 glmol) 
exhibit obvious rejection limits for STARMEM membranes. 
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Figure 3.16 - Solute rejection at 30 bar in methanol plotted against molecular weight 
with three different membranes. Adapted/rom [39]. 
It was reported that linearly shaped solutes were found to. permeate with greater ease 
compared to branched solutes. Linear shaped solute (octyl acetate) exhibits a rejection 
of 0.338 whereas the branched solute (2-ethylhexyl acetate) exhibits a significant higher 
rejection of 0.703 for STARMEM 122 membrane. Such findings are in agreement with 
those from White [3] who stated that such rejection profiles might be due to the steric 
hindrance of the branched groups through the membrane structure. Thus, it is more 
apparent that elongated or linear molecules permeate through the NF membrane with 
greater ease compared to the spherical molecules which in this case support the findings 
of the dip at 532 gfmol in Figure 3.15. Such findings imply that molecular shape and 
size rather than molecular weight is an important determinant in the rejection at a NF 
membrane. 
From Figures 3.15 and 3.16, it can be concluded that molecular weight is not a good 
representation ofNF membrane cut-off. Hence, a different approach was taken to show 
a better representation of membnine cut-off, that is molecular size and shape of the 
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solutes rather than molecular weight. In the simplest case, solute sizes were calculated 
using bond lengths and covalent radii and by resolving bond angles to a particular linear 
plane. Using this method, the sizes of solutes was found to range from 0.54-3.52 nm 
(maximum solute size). In order to further assess calculated solute size, evaluation was 
done using the computer software 'ChernDraw' produced by CambridgeSoft [46]. There 
were several dimensions that could be used to describe the size of a particular solute; 
the maximum length of the solute, the minimum length or the average length as 
depicted in Table 3.1 (refer to Appendix 2 for additional solute sizes). Figure 3.17 
shows the solute rejection plotted against the maximum solute length. 
Solute name Resolved bond lengths ChemDraw (2D) ChemDraw (3D) 
Ferrocene 0.538 0.556 0.538 
Pyrene 0.771 0.940 0.923 
Coronene 0.968 0.962 0.928 
9,10-diphenylanthracene 0.968 1.258 1.362 
Tetraphenylethylene 0.995 1.153 1.166 
Iron (lID acetylacetonate 1.291 1.218 1.144 
Iron (lID naphthenate 1.818 1.529 1.790 
Rubrene 1.274 1.368 1.348 
Copper (ID naphthenate 3.516 - 1.881 
Table 3.1 - Comparison of calculated maximum solute sizes. 
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Figure 3.17 - Solute rejection at 8 bar in xylene plotted against the calculated 
maximum length o/solute. Data corresponds to that in Figure 3.15. 
The rejection based on solute size appears to give a better correlation compared to that 
plotted against molecular weight (see Figure 3.15), with the data aligned at 532 glmol 
now with that of other solute compounds. From Figure 3.17, the membrane appears to 
have a cut-off in the region of 1.5 nm. It is clear that the three methods show good 
correlation of solute rejection to solute size, although absolute solute size depends on 
I 
the method chosen and vary significantly in some case (e.g. copper (II) naphthenate). 
Further discussions on effects of solute shape and size will be discussed latter. 
o 
~o-cu++y00,;?  0- """ ~ I . . 0.92nm 
o 
3.52 nm 
Figure 3.18 - Structure 0/ copper (If) naphthenate. Solute size dimensions estimated 
based on the 'bond length' method. 
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Although the solute size calculated for 'ChemDraw 3D' exhibits slightly more scatter 
compared to the 'bond length' and 'ChemDraw 2D' methods, but 'ChemDraw 3D' is 
considered to be the most accurate method. A three-dimensional estimation in 
ChemDraw includes the free energies, atoms, covalent radii around the molecular 
structure and is able to resolve the bond angles from the programme's database, whereas 
'bond length' method does not take free energies into account. Figures 3.19 & 3.20 are 
presented with solute sizes determined by the ChemDraw method. 
Since the solute size appeared to show a better correlation to solute rejection rather than 
molecular weight, it could be postulated that the primary solute rejection mechanism is 
of size exclusion. Due to the solvents, solutes and membranes being of low-polarity, 
charge effects were negligible. Similar representations of the data based on average 
dimension of the solute and minimum size of the solute molecule are shown in 
Appendix 2, where it can be clearly seen that a similar general form is retained. As 
previously discussed, solvents affect the swelling of the PDMS layer and result in 
higher or lower rejection depending on the magnitude of membrane swelling. An 
indication of the effect of membrane swelling on solute rejection with various solvents 
is shown in Figure 3.19. 
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Figure 3.19 - Solute rejection at 8 bar plotted against maximum solute size: 
Experimental data for xylene, i-octane and n-heptane solvent. Data obtained with 
radiation cross linked membrane. 
With xylene representing the base solvent, solutes below 0.9 run appear to pass through 
the membrane at the same rate as the solvent with no separation occurring, probably as a 
result of convection transport and shown in Region A. However, in Region B, solutes 
with intermediate sizes ranging from 1.0-1.7 run were at least partially rejected. Here, 
solutes might transport via a combination of mechanisms including, (1) pure convection, 
(2) pure diffusion and (3) a combination of both. Solutes could be partially rejected by 
the membrane separation layer via size exclusion, some solutes could be captured in 
between the polymer chains while being transported through the membrane whilst 
different diffusion rates could also influence the rejection behaviour observed. Solutes 
with a molecular size greater than 1.7 run were essentially completely rejected as shown 
in Region C. However, copper (ll) naphthenate which has the largest molecular weight 
and the largest length dimension (1.881 run) of ally of the solutes studied was able to 
penetrate the membrane to a small extent. The probable reason for this behaviour is the 
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relatively narrow lateral dimension of the molecule 0.92 run which is likely to allow 
permeation of the membrane when orientation is favourable. 
The effect of solvent type on solute rejection was also evaluated in n-heptane and i-
octane solvents to allow comparisons to be made. Solute rejection in n-heptane and i-
octane are shown in Figure 3.19 along with that for xylene. From Figure 3.19, the 
solute rejection in n-heptane are seen to be consistently lower than in xylene which is 
consistent with the hypothesis of n-heptane being able to swell the membrane to a 
greater extent (as discussed in Section 3.3.1). The increased swelling caused by n-
heptane is thought to expand the free-volume between the polymer chains to an extent 
such that a molecule of a specific size can penetrate more than with xylene and i-octane. 
It appears that in different solvents, the cut-off of the membrane varies over the range 
from 1.0-1.7 run, with a lower membrane cut-off being observed for xylene and i-
octane where less swelling occurred. 
In Figure 3.20, rejection to solute size data for n-heptane solvent and two membranes of 
different crosslinking are shown. It appears that even though the membranes crosslinked 
to different degrees, they showed a good correlation between solute rejection and solute 
size. The correlation of the solute rejection can be directly related to membrane swelling 
as hypothesised in Chapter 2, whereby the thermal membrane exhibited less swelling 
and less free-volume. The solute rejection for radiation crosslinked membrane is 
consistently lower than for the thermal crosslinked membrane, and a consequence of the 
reduced swelling as well as being consistent with the higher solute rejectionllower 
discussed previously in Section 3.3.2. By way of comparison, the thermal crosslinked 
membrane appeared to have a membrane cut-off in the range of ~1.7 run whereas a 
higher cut-off point for the radiation crosslinked membrane. It could be postulated that 
desired solute rejection could be obtained by using a higher or lower crosslinked 
membrane and applied pressure. 
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Figure 3.20 - Solute rejection at 8 bar in n-heptane plotted against maximum solute size. 
Data obtained with thermal and radiation cross linked membrane. 
Livingston et al. [6] reported similar findings where MWCO curves for Lenzing P84 
polyimide SRNF membranes could be controlled by using a higher or lower 
crosslinking. Such crosslinking was obtained by preparing a casting solution containing 
dimethylformamide (DMF) as a solvent and 1,4-dioxane (dioxane) as the co-solvent. 
The variation of the ratio between the two solvents in the dope solution provided control 
over the MWCO curves of the resultant membranes. High crosslinked membranes 
(DMF:dioxane-l:3) exhibited low MWCO (500 glmol) and low toluene flux (90 11m2 h 
at 30 bar) whereas low crosslinked membranes (DMF:dioxane-3:1) exhibited higher 
MWCO (1100 glmol) and toluene flux (290 11m2 h). Interestingly, an analysis was 
shown with" the pore-flow model stating that an increase in mean pore size results in the 
polymer network becoming "looser" (with higher concentrations of DMF in dope 
solution) which would infer that membranes with "looser" polymer networks might 
potentially exhibit a dominating convective transport. 
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Of particular interest is the rejection of the solutes in the size region of 1-1.5 run, where 
the four solutes (9,IO-diphenylanthracene (1.362 run), iron (Ill) acetyleacetonate (1.144 
run), tetraphenylethylene (1.166 run) and rubrene (1.348 run) appear to have 
approximately the same maximum solute size. The four solute compounds have only a 
slight difference of 0.2 run but exhibit significant differences in rejection (0.21-0.59 
from Figure 3.20). One of the factors that govern the separation could possibly be the 
shape of the solutes. The structures of the 4 organic solutes mentioned were depicted in 
Figure 3.21. 
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(a) Iron (Ill) aeetylaeetonate . (b) Rubrime 
(e) 9,1 O-diphenylanthraeene (d) Tetraphenylethylene 
Figure 3.21- Structure o/(a) iron (III) acetylaeetonate, (b) rubrene and (c) 9,10-
diphenylanthracene (d) tetraphenylethylene. 
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Two types of solutes were used in this study (1) Organometallics and (2) Poly-nuclear 
Aromatic (PNA). So, to simplify the confusion of the solute categories, organometallics 
were classified as branched solutes whereas PNAs were classified as cyclics because 
PNAs were hydrocarbon compounds with benzene rings. 
Solutes Max solute Molecular Rejection Rejection Rejection 
size weight (xylene) (n-heptane) (i-octane) 
(nm) (glmol) (-) (-) (-) 
Ferrocene 0.538 186 0.00 0.02 0.00 
Pyrene 0.923 202 0.00 0.02 0.00 
Coronene 0.928 300 0.37 0.06 0.09 
9,10-diphenylanthracene 1.362 330 0.49 0.16 0.19 
Tetraphenylethylene 1.166 332 0.29 0.10 0.14 
Iron (Ill) acetylacetonate 1.144 353 0.59 0.19 0.56 
Iron (Ill) napthenate 1.790 373 1.00 0.55 0.77 
Rubrene 1.348 532 0.72 0.16 0.40 
Copper (Il) napthenate 1.881 611 0.97 0.76 -
Table 3.2 -Measured solute rejection at 8 bar properties/or solutes studied and three 
solvents. Data obtained with radiation cross linked membrane. 
From the solute rejection in xylene, n-heptane and i-octane as shown in Table 3.2 and 
structure of solutes in Figure 3.21, it could be interpreted in such a manner that the 
cyclics permeated with greater ease compared to the branched solutes. Since cyclics 
were approximately circular in shape, so potentially were not prone to steric influences. 
This finding is in agreement with Zheng et al. [39] and Koops et al. [45] where simple 
structured solutes showed preferential transports. 
3.4 Conclusions 
In this work, it can be concluded that all solvent fluxes of different solubility parameters 
studied were linear with pressure in the range of 2 - 8 bar. The solubility parameter of 
the solvents played an important role in solvent flux and solute rejection where a good 
swelling solvent like n-heptane swells the membrane to a higher degree compared to 
86 
Chapter 3 - Low-polarity solute and solvent systems 
poor swelling solvents like i-octane and xylene. Greater membrane swelling results in 
high solvent flux but Iow solute rejection. It was hypothesised that when a membrane is 
placed in a good swelling solvent, so the membrane expands in volume such that the 
free-volume between the polymer chains increases to an extent where the membrane 
allows more solvents and solutes to be transported through the membrane. Other 
identified potential factors that affect solute rejection are solute shape and size, 
membrane crosslinking, as well as operating pressure. 
The shape of iron (III) acetylacetonate (1.144 run) appeared to be of a hooked shape 
whereas rubrene (1.348 run) has some smooth edges overall. Although iron (Ill) 
acetylacetonate is a smaller solute and is expected to penetrate the membrane at a lower 
rejection than rubrene, however, due to the hooked shape which may potentially attach 
itself to the polymer chains of the membrane that result in higher rejection than that of 
rubrene. Interestingly, 9,IO-diphenylanthracene (1.362 run) which has a similar shape 
and size to rubrene exhibits similar rejection magnitude and profile. 
Both radiation and thermal crosslinked composite membranes were studied in n-heptane 
where it was found that the thermal crosslinked membrane consistently exhibits a higher 
rejection profiles compared to the radiation crosslinked membrane. This is due to the 
additional crosslinking applied to the membrane during manufacture. It could be 
concluded that the thermal crosslinked membrane had a higher crosslinking density 
where it has tighter polymer chains consistently result in higher rejection profiles. 
Crosslinking was highlighted as a possible technique for altering the separation 
performance of the separation layer, with a potential to target solute compounds of a 
specific size by varying the crosslinking density. However, crosslinking affects solvent 
flux more than solute rejection. From the size exclusion curve plotted, it can be 
postulated than increasing the crosslinking would not increase solute rejection by a lot, 
whereby increasing crosslinking would only decrease solvent flux. 
Raised operating pressure was found to be beneficial to both solvent flux and solute 
rejection. Higher operating pressures result in higher solvent flux (recovery) and higher 
solute rejection (purification). It is postulated that when pressure is applied to the 
membrane, the polymer chains in between the membrane tightens resulting in less free-
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volume restricting solute transport (higher solute rejection). Interestingly, the solvent 
flux were found to increase linearly with increased pressure which contradicts the 
solvent flux data where one would expect a non-linear falling rate behaviour on solvent 
flux as the membrane provided more resistance to solvent transport. It could be 
concluded that compaction of the composite membranes is not sufficient to affect 
solvent transport. 
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Membrane filtration of polar solvent-solute systems 
In this chapter, mixtures of polar and low polarity solvents and a low polarity solute 
were studied to investigate the effects of polarity in nanofiltration. The polar solvent 
referred to is ethanol, the low-polarity solvents are i-octane, n-heptane and xylene and 
the low polarity solute is 9,IO-diphenylanthracene. 
4.1 Introduction and Literature Review 
Polydimethylsiloxane (PDMS) is the most interesting and promising polymeric 
membrane materials and has ~een extensively investigated for the separation of 
different mixtures by pervaporation [1, 2] due to its properties as mentioned previously 
in Chaper 2. Mulder et at. [4] investigated the pervaporation separation of 
toluene/methanol and toluene/ethanol mixtures using blend membranes of poly(acrylic 
acid) (PAA) and poly (vinyl alcohol) (PV A) and found that the membranes were 
alcohol selective as illustrated in Figure 4.1. Their results showed that alcohol flux 
decreased with increasing PV A content of the blend due to a higher degree of 
crosslinking. The authors considered that the greater crosslinking resulted in a tighter 
polymer matrix which effectively restricted a membrane from swelling to yield a lower 
alcohol flux with increased PV A concentration. 
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Figure 4.1 - Pervaporation characteristics of P AA -PVA blend membranes for ethanol-
toluene mixtures. Takenfrom [4]. 
One would intuitively expect that ethanol flux would increase with an increase in 
ethanol concentration through a hydrophilic membrane (as the polarity increases). The 
hydrophilic PAA membrane exhibited lowest ethanol flux of 0.02 kglm2hr with 10% 
PV A in 10% ethanol mixture and highest flux (0.53) at 90% ethanol mixture. 
Interestingly, in a 50% ethanol mixture condition, the flux was similar to that of 90% 
ethanol mixture which would suggest that polarity of the mixture and membrane 
swelling in polar/low polarity (ethanol/toluene) mixture does have an odd effect on flux. 
Pervaporation has also been used for the separation of n-heptane/sulphur species 
mixtures. For example, Zhao et al. [3] used mixtures of n-heptane and species of 
sulphur (thiophene, 2-methlthiophene, 2,5-dimethyl thiophene, n-butyl mercaptan and 
n-butyl sulphide) to make up a gasoline model. They investigated the effects of sulphur 
species, feed sulphur content, and feed temperature on the desulphurisation efficiencies 
with a series of n-heptane/sulphur species mixtures. Their experimental results indicated 
that the change in feed of feed sulphur content (100-1500 mgll) produced insignificant 
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effect on sulphur enrichment factor (1.5-11) for every sulphur species used; while 
partial fluxes of sulphur species are proportional to the feed sulphur content. Partial 
fluxes of thiophene were found to exhibit a high flux of37 kglm2hr at feed content 1500 
mg/I whereas at 100 mg/I, the partial flux of thiophene exhibited was significantly lower 
(2 kg/m2hr) as shown in Figure 4.2. 
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Figure 4.2 - Dependence of partial fluxes on feed sulphur content for binary n-
heptanelsulphur mixtures. Takenfram [3]. 
They have stated according to the solution-diffusion model, the separation process of 
the sulphur species is dominated by the sorption and diffusion characteristics of the 
individual component. Due to the concentration of sulphur species used was so low that 
the change in sulphur concentration would have very little impact on the transport of n-
heptane through the membrane. Such n-heptane/sulphur species separation mechanism 
was observed to be of hydraulic transport. The size of sulphur species used was believed 
to have an effect on the separation process. Thiophene with the highest partial flux 
through the membrane had the smallest solute size of 0.461 nm (calculated from 3D 
ChemDraw as discussed previously in Chapter 3) whereas n-butyl sulphide the largest 
and 2,5-dimethyl thiophene intennediate. Sulphur species with the smallest size 
96 
Chapter 4 - Polar solvent-solute systems 
consistently exhibit significantly higher partial flux whereas a lower flux for larger 
species. With such results, it could be interpreted in such a manner that the separation 
mechanism of pervaporation in this case is size exclusion which infers that convection 
transport takes place. They have also found that increase in temperature had a 
detrimental effect on the separation process. Such temperature increase enhances the 
mobility of both polymer segments offers more free volume for permeating molecules 
to occupy and permeating molecules which facilitate their movement within the 
membrane. 
Similar observations were reported by Sarrazin et al. [5] who investigated methanol 
removal from toluene/methanol mixtures using a polypyrrole (PPy) pervaporation 
membrane. The authors observed preferential methanol transport with good selectivity 
and acceptable permeation flux. 
Solvent Flux 
From the study oflow-polarity systems in Chapter 3 and previous studies, it is clear that 
the flux of low-polarity solvents permeated through a hydrophobic membrane is 
predominantly a function of solvent type, trans-membrane pressure, membrane swelling 
and crosslinking [6-9]. The solvent flux and solute rejection for the binary low polarity 
solvent/solute systems investigated so far were found to correlate well with solvent 
solubility parameter. Such discussions and conclusions are in agreement with work 
reported by Robinson et al. [9] who investigated tertiary low polarity solvent mixtures 
(e.g. n-heptane/cyclohexane) and low-polarity solute (9,10-diphenylanthracene) systems. 
They reported that the solubility parameter of a binary low polarity solvent mixture can 
be calculated (Equation (2.2» from individual Hildebrand solubility parameters by 
assuming an ideal mixture condition. A low polarity mixture of i-octane/xylene made up 
with a solubility parameter similar to that of a single low polarity solvent (n-heptane) 
was found to exhibit similar flux performance and rejection profiles to the single solvent. 
It has been possible to establish that membrane swelling and solvent solubility 
parameter are important in solvent fluxes, but the addition of a polar solvent to another 
solvent can lead to the formation of non-ideal mixture [10]. 
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Vankelecom et al. [6] reported that the flux of various solvents (polar and low-polarity) 
through a laboratory made hydrophobic PAN-poly(ester) (PE)/PDMS membrane was 
influenced by solvent viscosity and its affinity with the membrane. They reported that a 
low-polarity solvent, pentane, exhibited the highest flux (680 11m2 h) whereas. a polar 
solvent (water) was reported to have a low flux of 10 11m2 h. Koops et al. [11] studied 
the permeation of various solutes (e.g. hexadecane, myristic acid and stearic acid) in 
ethanol and n-hexane through hydrophilic cellulose acetate membranes where ethanol 
showed higher flux (17 11m2 h) compared to hexane (711m2 h). Solute concentration 
showed no affect on solvent flux and solute rejection. Solute rejection in ethanol was 
consistently higher in hexane and attributed partly to the smaller Stokes radii (effection 
radius of a hydrated molecule in a solution) of the solutes in hexane. Solute transport in 
both ethanol and hexane were investigated using the Speigler-Kedem model where 
solutes in hexane were found to be transported at a higher diffusion rate. 
Similar findings were reported by Bhanushali et al. [7) for the transport of organic dyes 
such as Sudan IV, Fast Green FCF and triglycerides in polar and non-polar solvents (e.g. 
ethanol and octane, respectively) through polyimide (STARMEM) and silicon type NF 
membranes. They reported that solute rejection was based on the order of solvent 
polarity. When a hydrophilic membrane was tested, hexane (a low-polarity solvent) 
exhibited the lowest flux (211m2 h at 20 bar) whereas methanol and ethanol exhibited 
fluxes of 18 11m2 h and 511m2 h at 20 bar respectively. For the same membrane 
materials, Scarpello et al. [12] suggested that in addition to solvent/solute sieving 
mechanisms other effects may be important as the same solute was rejected to an extent 
dependent on the solvent used which induced various degrees of membrane swelling. 
Similar observations were reported by Tarleton et al. [13] for a hydrophobic PDMS 
membrane and ethanollxylene mixtures. They found that with an increase in polarity, 
ethanol/xylene flux decreases (35 l/m2hr, 25 l/m2hr, 20 IIm2hr, 15 l/m2hr with ethanol 
concentrations of 14%, 26%, 34% and 47% at 8 bar respectively) where such 
phenomenon was affected by the polarity of solvents. 
Besides the influence of solvent type; solute-membrane interactions, solvent viscosity 
and membrane hydrophobicity, it is worth noting that filtration pressure can have a 
significant effect on solvent flux. Whu et at. [14] investigated the flux of methanol 
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through a hydrophilic membrane and two hydrophobic membranes. They found that 
methanol flux increased with increasing pressure and that fluxes with the hydrophobic 
membranes were consistently higher than with the hydrophilic membrane. The authors 
concluded that the hydrophobic membranes had the loosest polymer-chains where a 
lower degree of crosslinking had been imposed. Similarly, Livingston et al. [15] 
investigated the performance of hydrophobic Lenzing P84 polyimide polymeric 
membranes in polar aprotic solvents. They reported a decrease in methanol flux 
compared to toluene, which infers that the polarity of solvents is important in membrane 
separation. According to Ribeiro et al. [16], hexane, a low-polarity solvent, was tested 
with hydrophilic polysulfone membranes and the flux was significantly lower than 
comparable tests with methanol. 
Gevers et al. [17] reported that both solvent type and solvent charge play an important 
role in solvent and solute transport mechanisms. With the same viscosity of 0.59 cP, 
methanol permeation was much significantly lower than that recorded for toluene. 
Toluene was found to swell the membrane to a greater extent than methanol where 
swelling was considered to increase the sorption of solvents by a dragging effect (a 
phenomena where a solvent' diffuses through the membrane pores down its 
concentration gradient and at the same time, the solvent interacts with another 
permeable solvent which diffuses without a concentration gradient). It was also stated 
that solvents like toluene which increases membrane swelling could form a 'continuous 
solvent phase' between polymer chains, thus forming a 'freezable' bulk phase [18]. 
Similar findings were reported by Yoshikawa et al. [19,20] who investigated the state 
of solvents (e.g. ethanol, 2-propanol) in PDMS membranes. Their results showed that 
organic solvents sorbed into the hydrophobic membrane appeared in the same state as 
the bulk phase. 
Due to the polar nature of ethanol, it is classified as a poor swelling solvent for PDMS 
where 'solvent clusters' are reported to appear even at low swelling [21, 22]. Nguyen et 
al. [22] reported that alcohol cluster formation influences transport properties such that 
the diffusion coefficient (as determined by the Solution-Diffusiom (SD) model) 
decreases with local solvent concentration. The only mechanism suggested by the 
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authors was that the overall mobility of the alcohol permeant appeared to be reduced 
with an increase in alcohol activity i.e. with the mean cluster size. 
Solute Rejection 
Whu et al. [14] studied the effects of pressure on solute rejection for very dilute 
concentrations of safranin 0 (351 glmol) and brilliant blue R (826 glmol) in methanol 
using hydrophilic MPF-44 and hydrophobic MPF-50 and MPF-60 nanofiltration 
membranes. Solute rejection was reported to increase with increasing applied trans-
membrane pressure and strongly dependent on membrane compaction and the solutes 
used. Initial values of rejection for safranin 0 and brilliant blue R were 50% and 60% 
respectively. As the test run progressed, rejection increased slowly to 62% and 95%. 
Qualitatively, there was an agreement between molecular dimension and the observed 
solute rejection, i.e. the larger the solute, the higher the rejection. Similar observations 
of solute rejection with increasing trans~membrane pressure have also reported by, for 
instance, VankeIecom et al. [6], BhanushaIi et al. [7], Koops et al. [11], and Scarpello et 
al. [12]. 
Cheryan et at. [24] studied the extraction of xanthophylls using ethanol and the 
purification of the extractants using both UF and NF membranes. They reported that 
most of the solutes were rejected (89.5% lutein rejection) in the presence of ethanol. 
The nanofiltered permeates were clear and colourless which implies that NF can 
separate the xantholhyIls efficiently (98-99% rejection) for all three DK, NF-45 and 
TFC-SRl membranes tested. 
Silva et al. [25] investigated solvent flux and solute (tetraoctylammonium bromide 
(TOABr)) rejection for both methanol/toluene and toluene/ethyl acetate systems. They 
found that solute rejection increased and decreased with increasing methanol 
concentration for STARMEM 122 polyimide and MPF-50 membranes, respectively. 
For a hydrophobic membrane, solute rejection in pure toluene was at its lowest when no 
methanol was present and showed a gradual increase with increasing methanol 
concentration and then a decrease at 50% methanol concentration. 
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Similar observations were reported by Tarleton et al. [13] who investigated the rejection 
of various polar solvents (ethanol, methanol, n-propanol, i-propanol and MTBE) in low-
polarity(xylene)/polar mixture systems with hydrophobic PDMS membranes. They 
reported that methanol, being the most polar solvent tested, exhibited the highest 
rejection at oxygenate (alcohol) concentrations of 30% and a bell shaped rejection 
profile. Ethanol and MTBE showed successively lower rejections in accordance with 
the solubility parameter/polarity of the solvent. Molecular size was considered to be 
relatively unimportant in such systems and the size of methanol, ethanol and MTBE was 
of much smaller than xylene. Compared to methanol, xylene was found to be 
preferentially transported through the hydrophobic PDMS membrane and it could be 
concluded that the primary rejection mechanism was governed by polarity rather than 
solvent size. 
A decrease in solute rejection in a multicomponent system may potentially be 
rationalised by alcohol cluster formation [21, 22], excess molar volume [26] and/or 
mixture viscosity [27] in the membrane polymeric matrix. The latter expands the 
polymeric-chain in the membrane allowing more solutes to be transported through the 
membrane. Nguyen et al. [22] concluded that the formation of alcohol clusters affects 
solute rejection. It is believed that alcohols can be sorbed into the membrane to form 
clusters that occupy the free-volume between polymer chains which in turn allows more 
solutes to be transported. 
Ethanol was chosen to be a representative alcohol and studied in binary mixtures with n-
heptane and i-octane. Multicomponent systems were also studied, with the rejection of 
9; 1 O-diphenylanthracene solute being determined for the binary solvent mixtures. As 
noted in Section 2.3.1.2, solute concentrations were measured using UV-Vis 
spectroscopy. It was found that the addition of ethanol concentration had no effect on 
the measured absorbance other than dilution. Ethanol was studied at concentrations of 
10-80% by volume as determined by a refractive index technique; Appendix 3 shows 
calibrations for the various polar/Iow-polar mixtures. A 80 kGy radiation crosslinked 
(80 kGy) membrane was used in all the experiments reported in this chapter. 
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Sections in Chapter 3 described the effects of the operating parameters on the 
nanofiltration behaviour. Comparisons with the behaviour of low-polarity solvents are 
made and the results are related to the physical properties of the solvent(s)/solute 
present. 
4.2 Solvent Flux 
4.2.1 Effects of Pressure and Solvent Type 
Figure 4.3 shows a typical result for total solvent flux through a radiation crosslinked 
membrane. As shown later, the measured flux can also be interpreted as a flux of each 
component in a mixture based on the concentration of each species in the permeate. 
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Figure 4.3 -Total solventfluxfor n-heptanelethanol and i-octane/ethanol mixture 
plotted against pressure for 20% ethanol. 
The. flux-pressure relationships for each solvent mixture were typically linear over the 
studied pressure range (0.5-8 bar). Similar observations were found by Su et al. [30]. 
According to Figure 4.3, it appears that'at low pressures, low-polarity solvents exhibit 
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non-linear behaviour. The flux-pressure curve at low pressures exhibit a falling 
behaviour, which becomes more accentuated with increasing molecular weight as 
similarly observed by Machado et al. [28]. 
Interestingly, solvent flux for both low-polarity solvents appeared to exhibit a linear 
flux-pressure relationship at higher pressures (2-8 bar) as observed in Sections 3.2.2 and 
3.2.3. It could be speculated that no alcohol clusters formed at low pressures (0.5-1 bar) 
whereas some clusters were formed at higher pressures (2-8 bar). Alcohol clusters are 
believed to support the expanded polymer chains due to the membrane swelling 
(polymer-solvent interaction) to give higher free-volume. Lagaly et al. [29] reported 
that liquids consisting of smaller polar molecules like water, ethanol, dimethylsulfoxide 
and N-methylformarnide tend to form clusters between polymer chains in a PDMS 
membrane. Interaction of the separation layer with the solvents could possibly move the 
polymer chains into a perpendicular orientation and cause considerable additional 
expansion. The alcohol clusters that act as a support work in such a manner to prevent 
further membrane compaction which results in greater transport of solvents and solutes 
(refer to Section 4.3.1 and 4.3.2) to transport through. 
It is worth noting that the PDMS membranes used is hydrophobic and ethanol is a polar 
solvent. Thus, one would intuitively expect a polar solvent to experience difficulty in 
permeating the membrane. In pure form, ethanol flux was very low, circa (at least 2 
orders of magnitude lower than n-heptane) [9]. However, in the presence of a solvent 
such as n-heptane or i-octane ethanol was found to permeate the membrane to a 
significant level as a result of probably "solvent coupling/dragging" and the free-
volume generated by membrane swelling. For instance, n-heptane (3.67 Ilm) is able to 
swell the membrane more compared to i-octane (3.17 Ilm) which eventually results in 
the total flux for n-heptane/ethanol being consistently higher than for i-octane/ethanol. 
This finding is in agreement with work by Nguyen et al. [22] with PDMS membranes as 
well as Shi et al. [31] using polyimide membranes and Favre et al. [33]. 
Table 2.4 depicted the physical properties of solvents used for experiments. One would 
intuitively expect to consider the parameters affecting the solvent flux would be polarity 
of the solvents. As shown in Figure 4.3, only low-polarity solvent fluxes were shown. 
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Xylene having a molecular weight of 106 glmol exhibited the lowest solvent flux of all 
low-polarity solvents tested as discussed in Chapter 3 whereas polar solvents such as 
methanol and ethanol have molecular weights of 32 glmol and 46 glmol respectively. 
Both polar solvents exhibited fluxes of two orders of magnitudes lower than xylene, n-
heptane and i-octane [9]. With such observations, it can be concluded that molecular 
weight is not a factor affecting the solvent fluxes but polarity was. 
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Figure 4.4 - Flux plotted against solvent a) density, b) viscosity and c) molecular 
weight. 
The density of the solvents can be classified for both polar and low-polarity groups. 
High to low solvent fluxes were found to be in the order of n-heptane > i-octane> 
xylene, where the density of the solvents as found to correlate well with the solvent 
fluxes in a similar order. Methanol being a more polar solvent compared to ethanol had 
a higher density, and lower flux corresponded well the fluxes for pure solvents. This 
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work is in agreement with Vanherck et al. [33]. In conclusion, density of solvents can 
be correlated well with solvent fluxes for both polar and low-polarity solvent groups. 
Another approach taken to quantify the effects of solvent properties on solvent flux was 
viscosity. Again, as shown in Table 2.4, viscosity can be classified for both polar and 
low-polarity solvents were applicable to rationalise the results shown above. n-heptane 
being the best swelling solvent compared to i-octane and xylene had the lowest solvent 
viscosity followed by i-octane and xylene where this trend obeys the solvent flux trends 
as shown in Figure 4.3 and in Chapter 3. More thorough discussions of solvent surface 
tension and viscosity are shown in Section 4.2.2 and 4.4.2. 
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Figure 4.5 - Partial alcohol flux plotted against pressure for 20% ethanol in n-heptane 
and i-octane obtained with a radiation cross linked membrane. 
According to Figure 4.5, alcohol flux was observed to increase linearly with pressure 
over the range 2-8 bar. Similar to Figure 4.3, alcohol flux in both low-polarity solvents 
(n-heptane and i-octane) appeared to exhibit a positive y-axis intercept. Such findings 
are in agreement with Sommer et al. [34] where they showed linear dependency on the 
feed pressure where the flux of both ethanol and toluene increased linearly with the 
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pressure driving force. At lower pressures (0.5-1 bar), alcohol flux in n-heptane 
decreased from 6.29 I1m2 h to 1.621.m2 h then subsequently to 0.41 I1m2 h at 2 bar, 1 bar 
and 0.5 bar respectively. Interestingly, both n-heptane and ethanol flux shown in Figure 
4.3 and 4.5 respectively exhibit similar non-linear flux-pressure behaviour. Machado et 
al. [28] has also reported non-linear flux-pressure behaviours for alcohols and it could 
be concluded that, such non-linear flux-pressure behaviour occurs in the presence of 
alcohol and a second Iow-polarity solvents (e.g. n-heptane and i-octane). 
4.2.2 Effects of Alcohol Concentration and Polarity 
An example of the flux behaviour for each component with respect to pressure and 
various alcohol concentrations is shown in Figures 4.6 and 4.7. 
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Figure 4.6 - i-octane flux-pressure relationships for i-octane/ethanol mixtures obtained 
with a radiation cross linked membrane. Legend denotes the volume fraction of ethanol 
in the mixture. 
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The general trend shown in Figure 4.6 indicates that solvent flux increases with 
pressure and decreases with increasing ethanol concentration. These phenomena are 
seemingly related to the addition of alcohols which results in a decrease in membrane 
swelling as previously discussed. Polar solvents were found to not swell a membrane as 
well as a lower-polarity solvent due to the polarity and the hydrophobic nature of the 
membrane. 
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Figure 4.7 - Partial alcohol flux plotted against pressure for i-octane/ethanol mixtures 
using a radiation cross linked membrane. Legend denotes the volume fraction of ethanol 
in the mixture. 
With a higher concentration of ethanol, due to its effect on polarity to the system, one 
would intuitively expect less ethanol to be permeated through the membrane. However, 
this was not the case shown in Figure 4. 7. Increasing ethanol concentration up to 40% 
resulted in improved ethanol flux. At ethanol concentration of -40% there appeared to 
be a defined change in the flux-concentration relationship, where the gradient decreases. 
This finding was in agreement with Pozderovic et al. [42] who investigated the 
applications of reverse osmosis membranes to the solution concentration of a1cohols. 
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A possible explanation for this behaviour was that the surface tension of the i-
octane/ethanol mixture changes with increasing ethanol concentration (see Figure 4.8). 
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Figure 4.8 - Surface tension measurements of i-octane and n-heptane in a range of 
ethanol concentration. 
Surface tension measurements were obtained using a standard tensiometer. The surface 
tensions in i~octane/ethanol and n-heptane/ethanol mixtures were found to increase with 
increasing ethanol concentration as shown in Figure 4.8 which follows the similar trend 
to alcohol flux as shown in Figure 4.7; i.e. higher value at higher concentration. The 
increase in surface tension might potentially result in higher density and resulting in 
decrease in low-polarity solvent (i.e. i-octane and n-heptane) flux with increasing 
ethanol concentration. Figure 4.9 depicts the effects of polarity to low-polarity solvent 
flux over a range of ethanol concentration. 
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Figure 4.9- i-octane flux plotted against ethanol concentration for i-octane/ethanol 
mixtures using radiation crosslinked membrane. 
Although it was found that ethanol flux increases with ethanol concentration, the flux of 
i-octane was found to generally decrease. There are a few possible explanations for this, 
namely viscosity characteristics, surface tension of the mixture, polarity and swelling 
effects. Viscosity of the mixture tends to increase as more ethanol (viscosity=1.2 cP) is 
added to i-octane (0.542 cP), which may account for some lowering of flux. Machado et 
al. [28] stated that solvent viscosity and surface tension play an important role in 
solvent transport and lengthening of a solvent molecule by addition of C groups to a 
homologous series resulted in flux decrease. However this was not the case in the 
current work as the molecular size of a sol:vent does not seem to affect the transport. n-
heptane being a long straight-chained alkane was found to permeate through the 
membrane at a higher flux compared to i-octane, a branched alkane and xylene, an 
aromatic. 
The viscosity of i-octane/ethanol mixture decreases at about 10% ethanol concentration 
and subsequently increases with further ethanol addition. As reported by Geens et al. 
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[37]. Thus, it is possible to conclude that when a hydrophobic membrane is used, the 
less polar component (e.g. n-heptane) of a binary mixture (e.g. n-heptane/ethanol) has a 
stronger influence on its own flux. The addition of ethanol to Iow-polarity solvents is 
likely to influence the polarity of the mixture. As previously discussed in Section 2.3.4.2, 
it was clear that membrane swelling is purely affected by the polarity and solubility 
parameter of the contact solvent(s). However, the solubility parameter can only be used 
to quantify membrane swelling with Iow-polarity solvents. As such, a good swelling 
solvent (e.g. n-heptane) will swell the membrane to its highest extent as depicted in 
Figure 2.9, but with the addition of a polar solvent (ethanol) membrane swelling 
decreases due to the higher polarity of the ethanol (see Figure 2.14). The decrease in 
membrane swelling results in less expanded free-volume between the polymer chains 
and thus, less Iow-polarity solvent is able to permeate the membrane. 
4.3 Alcohol Rejection 
4.3.1 Effects of Pressure and Solvent Type 
Ethanol rejections were found to increase at raised filtration pressure for all mixtures 
and Figure 4.10 shows representative data for one particular ethanol concentration. 
Additional ethanol rejection data with xylene and n-heptane at various ethanol 
concentrations are shown in Appendix 3. 
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Figure 4.10 - Ethanol rejection in i-octane, n-heptane and xylene plotted against 
pressure in 10% ethanol concentrations. Data obtained using a radiation cross linked 
membrane. 
Two effects are investigated in the current work, pressure and solvent type. Pressure 
applied to the membrane wiIl restrict its swelling with the potential result ofIess ethanol 
permeating the membrane. This phenomenon tightens the spaces between polymer 
chains in the membrane which results in smaller pore sizes. According to the data 
reported in Chapter 2, it appeared that the swelling of the membrane in i-octane/ethanol 
mixture at 10% ethanol concentration was lower than a comparable mixture with n-
heptane and xylene. Whilst the polarity of ethanol plays an important role in ethanol 
rejection, it can be postulated that ethanol rejection correlates to membrane swelling as 
well. As such, a membrane in n-heptane/ethanol and xylene/ethanol mixtures swelled 
the most, allowing more ethanol to permeate. 
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An ethanol molecule is smaller than i-octane, xylene and n-heptane. Whilst mechanisms 
suggested for separation in different solvents have been proposed based on size 
exclusion, the data in Figure 4.10 cannot be rationalised in such a way as the separation 
mechanism appears to be a result of component polarity rather than size. As depicted in 
Figure 4.9, it can be concluded that there is evidence of "coupling flow" of polarllow-
polarity solvents. n-heptane being the best swelling solvent to PDMS compared to i-
octane and xylene swelled the membrane to its highest extent and permeated the 
membrane at a high flux. This resulted in high ethanol concentration in the permeate 
hence low ethanol rejections. i-octane being an intermediate swelling solvent followed 
such trend as hypotheSised earlier in section 4.3.1, however, in the case of xylene which 
should show the highest ethanol rejection of all three binary mixtures does not follow 
such trend. 
Clearly there was a complex relationship between swelling and alcohol rejection. 
However, such behaviour can potentially rationalised by the bell-shaped curves shown 
in Figure 4.12 as well as the physicochemical properties of the polarllow-polarity 
mixtures. 
4.3.2 Effects of Alcohol Concentration 
Ethanol rejection increased with increasing pressure for all tested alcohol concentrations 
(5-80%) and Figure 4.11 shows representative data for i-octane/ethanol mixtures. It is 
noted that the order in which the data appear in Figure 4.11 is non-sequential in terms 
of ethanol concentration but entirely consistent with the bell-shaped curves shown in 
Figure 4.12. Ethanol rejection data for xylene/ethanol and n-heptane/ethanol mixtures 
exhibited an ethanol rejection peak at various concentrations, for example in the case of 
i-octane, this was at 1 0% ethanol concentration. 
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Figure 4.11 - Effects of pressure on ethanol rejection in i-octane/ethanol mixture. 
Legend denoted ethanol concentration on a volume basis. 
In order to help interpret Figure 4.11, ethanol rejections at 5 bar are highlighted. At an 
ethanol concentration of 5%, ethanol rejection is at 0.31 and then showed an increase to 
0.47 at 10% ethanol concentration. A gradual decrease in ethanol rejection was 
observed for subsequent increases in ethanol concentration. xylene/ethanol and n-
heptane/ethanol mixtures showed similar results (see Appendix 3). 
Ethanol showed a peak rejection at an ethanol concentration of 10% for i-octane, 20% 
for xylene and 30% for n-heptane. According to Figure 4.18, it can be seen that 
viscosity of i-octane/ethanol mixture decreases for increasing ethanol concentrations up 
to 10% and then a gradual increase in viscosity with increasing ethanol concentration. 
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Figure 4.12 - Ethanol rejection plotted against concentration for xylene/ethanol, i-
octane/ethanol and n-heptane/ethanol mixures at 5 bar pressure. Data obtained using 
radiation cross linked membrane. 
The rejection of ethanol is a highly non-linear function of alcohol concentration, with 
bell-shaped rejection-concentration profiles evident for n-heptane/ethanol, i-
octane/ethanol and xylene/ethanol. Interestingly, the order in which the alcohol rejection 
appears in Figure 4.12 is not consistant with the polarity of the low-polarity solvents (n-
heptane, i-octane and xylene) as defined by the solubility parameter. In tenns of 
solubility parameter, a greater difference between the value of <5 of the solvents and 
PDMS (15.5 MPa°.5) and be expected to lead to greater rejection (see Chapter 3). With 
the addition of a polar solvent the solubility parameter is not able to reconcile the 
rejection profiles. It can be postulated that interactions between the solvent mixtures and 
the PDMS membrane can account for the order in which the ethanol rejection is shown 
Figure 4.12. 
As shown in Figure 4.12, ethanol rejection is highest at 10% ethanol concentration in i-
octane. Such observation can be correlated in accordance to the solvent mixture (i-
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octane/ethanol) visocity as shown in Figure 4.18. i-octane of the mixture are able to 
permeate the membrane whereas a small fraction of ethanol permeates along which is 
also known as 'solvent-coupling' (see Figure 4.13). Most ethanol are rejected by the 
membrane due to its polarity. Ethanol wih a high solubility parameter of ,)=26.5 MPaO.5 
has a great difference than that of hydrophibic PDMS membrane (15.5 MPaO.5) and 
therefore flow of ethanol are partially restricted/rejected by the membrane. 
Results shown in Figure 4.12 could be interpreted such as there was partial 'solvent-
coupling' at 10% ethanol concentration due to the reason being, ethanol being a polar 
solvent should not be able to permeate a hydrophobic membrane. However, ethanol 
might possibily be able to permeate the membrane being that i-octane is present to swell 
the membrane to an extent somewhat that ethanol can penetrate. Two possible 
explanations for this observation could be 1) as previously mentioned 'solvent-
coupling' and 2) i-octane swelled the membrane to an extent in which a small amount of 
ethanol with smaller molecules was able to be transported through the membrane. 
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Figure 4.13 - Partial flux of i-octane and ethanol at ethanol concentrations of 20%. 
Data obtained using radiationed cross linked membrane. 
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As depicted in Figure 4.13, a direct correlation between total solvent flux and alcohol 
rejection exists whereby a higher solvent flux produces a higher alcohol rejection. Due 
to its low-polarity, one would intuitively expect i-octane to penneate the membrane at a 
higher rate than that of the polar ethanol solvent resulting in more ethanol remaining in 
the feed. Although as previously discussed that 'solvent-coupling' might potentially aid 
ethanol in penneating the membrane albeit to a small extent but due to its high polarity 
(0=26.5 MPaO.5), a higher fraction of ethanol are believed to be rejected by the 
membrane. 
The polar/low-polarity solvent mixtures tested are considered to be non-ideal. In an 
attempt to take into account the non-ideality of the mixtures used in this work activities 
in the mixture was considered. 
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Figure 4.14 - Effects of oxygenate type and activity on rejection of methanol and 
ethanol in xylene/alcohol mixtures. Graph taken from [13 j. 
Tarleton et al. [13] investigated the influence of polarity on flux and rejection with 
mixtures of polar (ethanol, methanol, propanol) and low-polarity solvents (i.e. n-heptane, 
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i-octane, xylene, cyc1ohexane) and obtained similar bell-shaped alcohol rejection curves 
to these shown in Figure 4.12. The authors stated that although oxygenate activities 
could be taken into consideration, the peak alcohol rejections are still evident (Figure 
4.14) which implied that the rejection was likely to be influenced by phenomenon other 
than the non-ideality of polar /low-polarity mixtures. 
4.4 Solute Rejection 
4.4.1 Effects of Pressure and Solvent Type 
The effects of pressure and solvent type on solute rejection are investigated by adding 
ethanol into and otherwise low-polarity solute/solvent system. It is found that solute 
rejection increased with increasing pressure and rejection profiles varied with solvent 
type as depicted by the typical results in Figure 4.15. 
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Figure 4.15 - Rejection of 9,1 O-diphenylanthracene in 30% ethanol for xylene, n-
heptane and i-octane. Data obtained using a radiation cross linked membrane. 
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The rejection profile for n-heptane was consistently lower than for i-octane and xylene. 
The data in Figure 4.15 is similar in trend to the filtration experiments obtained for low-
polarity systems (as shown in Section 3.3.1) whereby solute rejection closely followed 
the degree of membrane swelling. n-heptane is a better swelling solvent compared to i-
octane and xylene and has the ability to most significantly change the free-volume in the 
membrane to yield lower rejection. As the membrane polymer chains expand, so the 
free-volume in the membrane increases to allow enhanced transport of solvents and 
solutes. All the data obtained showed similar results (see Appendix 3). 
4.4.2 Effects of Alcohol Concentration 
The effects of alcohol concentration on solute rejection in a polar/low-polarity mixture 
were investigated by systematically adding volumes of ethanol. A matrix of experiments 
was. performed for a range of pressures and alcohol concentrations. The typical effect of 
alcohol concentration lmd polarity on the rejection of9,1~iphenylanthracene solute is 
shown in Figure 4.16. 
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Figure 4.16 - Rejection of 9,1 O-diphenylanthracene solute plotted against ethanol 
concentration for mixtures of ethanol/solute in n-heptane, i-octane and xylene. Trans-
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membrane pressure of 5 bar using radiation crosslinked membrane. Data in xylene 
adaptedfrom [9]. 
For i-octane and n-heptane based mixture, the addition of ethanol caused a general 
decline in solute rejection. According to the membrane swelling measurements obtained, 
the addition of alcohol reduced the degree of membrane swelling (Figure 2.14), which 
would be intuitively expected to increase solute rejection. In Figure 4.16, rejection of 
9,I()-{iiphenylanthracene in pure xylene was 0.51,0.17 at 40% ethanol concentration 
and 0.57 at 70% ethanol concentration. However, for solute rejections in i-octane and n-
heptane, it was found that solute rejection showed a minor peak at 10% ethanol 
concentration and a decreasing trend at higher ethanol concentrations. Similar findings 
were obtained by Geens et al. [37] and Ebert et al. [39]. This phenomenon could 
perhaps be explained by the non-ideal viscosity of the mixture. According to Figure 
4.17, for an i-octane/ethanol mixture the viscosity showed a marked reduction at an 
ethanol concentration of 10% followed by gradual increase in mixture viscosity. A 
decrease in viscosity will allow the solute/solvent/alcohol mixture to be permeated more 
readily. 
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Figure 4.17 - Viscosity ofi-octanelethanol mixture in increasingfraction of ethanol 
concentration. Results obtained with a U-tube viscometer. 
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By comparing Figures 4.9 and 4.17, it can also be interpreted that solute rejection is at 
its peak when solvent flux at 10% ethanol concentration. As solvent flux decreases, 
solute rejection decreases. This could be the effect of "coupling-flow" as the solutes are 
dragged through the membrane with the solvent mixture. Although there is no direct or 
straightforward correlation between solvent flux and solute rej ection, it could also be 
concluded that in polarllow-polarity mixtures, an increase in solvent flux results in an 
increase in solvent rejection and vice versa. Another way to interprete decreased solute 
rejection with increasing ethanol concentration is that when a solute has a higher 
affinity for the membrane material than the solvent, then the rejection is considerably 
lower. This is in agreement from the temary systems of docosanoic acid-hexane-
cellulose acetate [11] and phenol-water-cellulose acetate [7] investigated by other 
workers, where rejection of docosanoic acid (-35%) and phenol (-10%). However, when 
the membrane-solvent interaction is higher than membrane-solute interaction, the 
rejection is higher (xylene/ethanol). 
Due to the reducing concentration in ethanol for low-polarity solvent, it can be 
postulated that desolvation by low-polar solvent molecules was replaced by solvation by 
alcohol molecules. Regardless whether convection or diffusion is the most important 
process for solute transport, the solvation of the solute molecule decreases the 
penneation of a component, reason being the solute molecule increases in diameter and 
polarity where it was speculated that the stokes radii of the solute molecule increased 
upon interaction with ethanol. Somewhat for the solute rejection in i-octane/ethanol and 
n-heptane/ethanol mixtures, the desolvation can compensate the presence of ethanol up 
to 40% ethanol. At higher ethanol levels, solvation became weak and solute transport 
was smoothen. 
The increase in rejection at ethanol concentrations above 60% can be explained by other 
interactions with the membrane material. Due to the interactions of the xylene/ethanol 
mixture with the membrane material which is solvation, the effective pore size of the 
membrane will be the smallest, then intennediate in i-octane/ethanol and largest for n-
heptane/ethanol, which was the same order as previously observed in Chapter 3. 
However, one must not forget the influence of solubility parameter towards membrane 
swelling which would effectively affect the pore size resulting in either convective or 
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diffusion transport although it was uncertain that other parameters such as density, 
liquid viscosity and molar volume of liquids would have and affect on membrane 
swelling. 
All solute rejections are determined in polar/Iow-polarity mixtures; however, it will be 
interesting to investigate the tendency of the solute to be in the polar or low-polarity 
phase. It is worth noting that the polarllow-polarity mixtures were of non-ideal (e.g. 
mixtures of n-heptane/i-octane or xylene/n-heptane). In order to attempt to account for 
the non-ideality of the mixtures used in this work due to its non-ideal viscosity (see 
Figure 4.17), a graph which detailed the solubility of solute in the mixtures relative to 
time plotted as shown in Figure 4.18. 
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Figure 4.18 - Solubility 0/9.1 O-diphenylanthracene in a polar solvent {ethanol} and 
low-polarity solvents {i-octane, n-heptane and xylene}. 
According to Figure 4.18, it is apparent that 9,1 O-diphenylanthracene is more prone to 
dissolve in the chosen low-polarity solvents rather than in the polar solvent (ethanol). 
The rate at which the solute dissolved in n-heptane and i-octane is approximately same, 
however, xylene was able to dissolve the solute at a higher rate due to it being an 
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aromatic hydrocarbon. As for ethanol being a polar solvent and solute being low-
polarity, it is found that the solute dissolved in ethanol at a much lower rate. From the 
graph above, it can be correlated that more solutes are present in the low-polarity 
solvent phase of the polar/low-polarity mixture. 
4.5 Conclusions 
As discussed in Chapter 3, all low-polarity solvents exhibited a linear flux-pressure 
relationship through both radiation and thermal crosslinked PDMS composite 
membranes. In this chapter, a polar solvent (ethanol) was added systematically to the 
low-polarity solvents creating either a binary or a tertiary system which consisted of a 
polar/low-polarity mixture and solutes. It was found that the solvent fluxes for the 
mixtures exhibited similar linear flux-pressure relationship profiles with of those low-
polarity solvents for pressures ranging from 2-8 bar. However, a decline rate in solvent 
flux was observed between 0.5 & 2 bar which suggests that no permeation is to occur 
when pressure is set to 0 bar. Total solvent fluxes for n-heptane/ethanol mixtures were 
consistently higher than for i-octane/ethanol and xylene/ethanol mixtures. These 
findings were consistent with the results found for low-polarity systems. n-heptane is a 
better swelling solvent compared to i-octane and was able to swell the membrane to a 
greater extent thereby allowing more solvent to permeate through the membrane. Such 
results suggest a 'coupling-flow' effect. The individual fluxes of low-polarity solvents 
were found to decrease with increasing ethanol concentrations which correlate to the 
membrane swelling measurements, the polarity of the mixture and the hydrophobic 
nature of the membrane. The membrane swelling measurements showed a decrease in 
swelling with increasing ethanol concentration which would effectively increase the 
polarity of the mixture resulting in a smaller pore size distribution hence less low-
polarity solvents are transported. 
Although it was found that the swelling of a hydrophobic membrane decreases with 
increasing ethanol concentrations, it was observed that ethanol flux increases gradually 
up to 40% ethanol concentrations for i-octane/ethanol mixtures and then plateaus off. 
This finding somewhat was not able to correlate with the membrane swelling data, 
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however, it could be interpreted in such a manner that the. ethanol permeation was 
somewhat a preferential sorption into the membrane and then transported through via a 
pressure gradient. It was also believed that the viscosity of the binary mixture played an 
important role in component fluxes. A bell-shaped ethanol rejection curve was observed 
similar to solvent flux shown in Figure 4.9 and 4.12. From the correlation of bell-
shaped ethanol rejection and solvent flux curves, it could be postulated that there is 
'coupling-flow' . 
The solute rejection profiles in polar/low-polarity systems were observed to be identical 
for low-polarity systems, although differ in magnitudes of rejection but somewhat 
followed a similar trend. With n-heptane being a better swelling solvent to the radiation 
crosslinked PDMS membrane, the solvent swelled the membrane to a greater extent 
than of i-octane and xylene resulted in the lowest rejection profile. It appeared that the 
solute rejection in polar/low-polarity systems could neither be quantified by size 
exclusion nor polarity and membrane swelling. The primary rejection mechanism for 
solutes and ethanol appeared to be that which occurs due to the thermodynamics of the 
mixtures and interactions with the membrane. It was somewhat interesting that the 
solute rejection data in the mixtures appeared to be decreasing with increasing ethanol 
concentrations. It appeared that the addition of ethanol was detrimental to the overall 
filtration application where magnitudes of solute rejection ranging from 0-0.25. 
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Modelling - Solvent and Solute Transport 
5.1 Introduction and Literature Review 
The recovery of molecular size substances with nanofiltration membranes has attracted 
growing interest in recent years. Even currently available membranes have limitations 
with respect to stability in organic solvents and separation performance. In order to 
better understand solvent and solute transport in the experiments performed, some 
selected transport models have been used to identify any transition of transport 
mechanisms (i.e. diffusion to convection). The properties ofNF membranes lie between 
those of non-porous RO membranes (where transport is governed by a solution-
diffusion mechanism) and porous UF membranes (where separation was usually to be 
due to size exclusion and, in some cases, charge effects). 
The rejection of neutrally charged organic solutes with NF or RO is mostly attributed to 
steric hindrance effects between the solutes and the membrane polymer matrix [1]. The 
Steric Hindrance Pore (SHP) model assumes uniform cylindrical pores, with 
interactions occurring with the pore wall which impede solute transport [2]. Steric 
hindrance or size exclusion is basically a sieving mechanism where solutes with a larger 
size than the membrane pores were efficiently removed whereas smaller solutes may 
pass through the membrane with low or no separation. Similarly, Gibbins et al. [5] 
investigated the dependence of pressure on the separation performance of hydrophobic 
MPF-50, STARMEM 122 and hydrophilic Desal DL membranes in methanol and 
quaternary alkyl ammonium bromide salts with MW in the range 322-547 glmol as 
solutes. The SHP, Verniory and Ferry model were used to characterise the pore size of 
the membranes. Chen et al. [3] and Hoffinan et al. [4] found that models based on 
idealised pore structures gave very good agreement with experimental solute rejection 
data although it was considered that regardless ofNF, RO or UF membranes, a pore size 
distribution should exist. 
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Figure 5.1 - Variation of predicted pore size with Desal DL. Graph adapted from [5}. 
As depicted in Figure 5.1, Gibbins et al. [5] reported the Vemiory model gives a 
constant prediction of pore sizes across the pressure range leads to constant solvent flux 
for all pressure. Interestingly, this is not the case as solvent fluxes shown previously in 
Chapter 3 and 4 increased with increasing pressure. A predicted constant pore size (0.55 
nrn) would indicate no membrane compaction and as this was not observed 
experimentally in Chapter 2, there is an apparant weakness in the model. According to 
Darcy's law, the thickness of the medium is assumed to be constant and flux is 
governed purely by the applied pressure. In contrast, both SHP and Ferry models show a 
decreasing pore radius with pressure which indicate the compacting effect of pressure 
noted for the flux data (see Chapter 3 and 4). 
The majority of authors describe the transport mechanism of solvents and solutes 
through non-porous dense membranes with a variant of the Solution-Diffusion (SD) 
Model [6] in which transport is assumed to be diffusive. The SD model states that 
penneant transported species dissolve into the membrane material and then diffuse 
through the membrane down a concentration gradient. 
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Low·Pressure 
Solution 
Figure 5.2 - Pressure-driven permeation of a one-component solution through a 
membrane according to solution-diffusion. Graph adapted from [61-
The SO model assumes that when a pressure is applied across the membrane, the 
pressure everywhere within the membrane is equal to the applied pressure. It is able to 
visualise how an imposed pressure difference across the membrane can cause transport 
when there are pores traversing the membrane; however, it is less intuitive how a 
pressure difference could induce transport when there are no pores in the membrane. 
Paul et at. [7] examined the formulation of the SO model for pressure-driven processes 
where both solute and solvent transport occur exclusively by solution-diffusion. The 
effect of solute-solvent coupling was shown to exists by using the Maxwell-Stefan 
formulation for multi-component diffusion. Some researchers [8-13] have applied the 
models to their experimental data and found reasonable correlations. Robinson et al. [11] 
however reported that the SO model applied did not fit experimental data obtained with 
a less crosslinked membrane whereas the model provided a better fit for a higher 
crosslinked membrane. 
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Figure 5.3 - SD model applied to solute rejection (9,lO-diphenylanthracene) with low 
crosslink membrane (left) and more cross link membrane (right) in xylene. Graph 
adaptedfrom [lll. 
Figure 5.3 suggests that the SD model is more applicable to tighter and more 
crosslinked membranes where lower solvent flux tends to be observed. As described 
previously; the SD model's assumption somewhat created a paradox where solutes were 
being transported through a non-porous dense membrane. One would intuitively expect 
a membrane to have manufactured pores; albeit only to a certain extent regardless of 
how small it was. It was believed that even the densest membrane would have a pore 
size distribution; without pores, the solutes cannot be transported. Some researchers 
defined pores as a fixed structure of "holes" in a membrane where some defined pores 
as voids and free-volume in between moving polymer chains. 
Other than the SD model which suggests a diffusion mechanism, the Pure Diffusion 
(PD) model was developed in an attempt to understand the underlying mechanisms of 
solute transport through a dense polymeric membrane. Robinson [14] reported that 
rejection-pressure profiles predicted by the PD model do not accurately describe typical 
experimental data and that predictions are very similar to the SD model. 
Another possible transport mechanism is a combination of both convection and 
diffusion transport. With all reviews so far it is clear that diffusion transport alone is 
generally not sufficient to quantify solute transport. As previously described in Chapter 
131 
Chapter 5 - Modelling 
3 and 4, a combination of convection and diffusion might potentially be the main 
mechanism for solute transport. Although both terms are included in several transport 
models, such as the Convection-Diffusion (CD) and Spiegler-Kedem (SK) models, 
these models potentially exhibit a term (convection or diffusion) which dominates the 
solute transport. The CD model is based on convective and diffusive transport in a 
similar manner to the SK model, however the concentration of solute within the 
membrane is treated differently and it is assumed that the system operates at equilibrium. 
Robinson [14] reported the CD model to fit most experimental data very well as shown 
in Figure 5.4. 
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Figure 5.4 - Rejection-pressure profile for 20 ppm 9,1 O-diphenylanthracene in two 
solvents. Experimental data (points) and CD model (lines). Adaptedfrom [14]. 
Robinson [14] examined the solute rejection obtained with a more highly crosslinked 
membrane. The diffusion term predicted by the model was lower than that of a less 
crosslinked membrane (which implies a smaller contribution from diffusive transport) 
and the fraction of convective flow is higher, so as is the solvent permeability. Similarly, 
when both convective and diffusive flow transport are taken into account, the SK model 
[15, 16] can be used to quantify a rejection-pressure profile. The SK model predicts 
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both solute penneance and reflection coefficient as a function of solvent flux. The 
reflection coefficient corresponds to the maximum rejection at an infinitely high 
permeate flux. Regardless of application, Nakao and Kimura [2] reported the SK model 
to apply to the rejection of larger solutes in UF applications, where viscous flow 
through the pores of the membrane was more pronounced that in NF or RO. Feher et al. 
[17] reported that larger solutes and less porous membranes had a larger reflection 
coefficient. Although the SK model is a potentially powerful predictive tool for solute 
rejections, it is not able to characterise the structure and properties of a membrane 
which is assumed to act as a black box. Several workers have successfully applied the 
model to quantify the underlying transport mechanisms of dense NF membranes in both 
aqueous and non-aqueous systems [18-21]. 
Some modelling work for NF membranes assumes the presence of pores and regards 
pores to act like bundles of capillary tubes. The Pore-Flow (PF) model was introduced 
by Nakao et al. [2] and derived from the Nemst-Planck equation which includes 
transport tenns for convection, diffusion and electric field gradient In a recent paper, 
Silva et al. [22] reported that the PF model assumed the thennodynamic forces driving 
the transport of solute and solvent, which were gradients of their chemical potential, 
were counterbalanced by mechanical frictional forces. The newly developed model was 
used to predict solute rejection profiles and the concentration polarisation effects 
observed by Peeva et al. [23]. See-Toh et al. [26] investigated solute (decane, dodecane, 
tetraoctylammonium bromide) rejection in organic solvents (1,4-dioxane, isopropanol, 
DMF). They fitted both the SD and PF models and to their data found that the decreased 
MWCO due to an increase in polymer concentration may be explained a decrease in 
pore size by the PF model. 
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5.2 Theory and Modelling 
Part of this research aims to identify transitions in transport mechanisms where the 
experimental data described in Chapters 3 and 4 obtained with variants of PDMS/P AN 
membranes, which resulted in various unique rejection-pressure for the range of 
different solvents (n-heptane, i-octane, xylene and ethanol) and solutes examined. This 
section assesses the applicability of various transport models by correlating predicted 
rejection-pressure relationships with those obtained experimentally. The transport 
models were fitted to experimental data using a least-squares fitting method whereby 
the sum of the squares of the differences between theory and experiment were 
minimised. By way of example, a representation of the modelling approach is shown in 
Figure 5.5 for the adjustable parameter (D,K,) in the SD model 
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Figure 5.5 - SD model applied to the rejection data for 9,1 O-diphenylanthracene in n-
heptane obtained with a radiation cross linked membrane. 
From Figure 5.5, !t appears that the SD model underestimates the experimental data 
when D,Ki is 260x10·12 m2/s and overestimates at the data 220xlO·12 m2/s. The SD 
model shows a better correlation experimental data at D,K/ = 238x10·12 m 2/s which is 
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clarified by plotting a graph of variance versus DX; as shown in Figure 5.6. It is clear 
that the variance values change with the value of DXI and that a minimum variance can 
be readily identified. 
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Figure 5.6- Least-squares method applied to models. 
5.2.1 Steric Hindrance Pore Model (SHP) 
The SHP model was used to determine the effective pore size of the PDMS/P AN 
composite membranes. The model assumes a uniform pore size within the membrane 
and can be expressed as: 
(5.l) 
where a is the reflection coefficient and H F the 'wall correction parameter' given by 
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(5.2) 
SF is a parameter representing sterical hindrance 
(5.3) 
where 1] is the ratio of solute radius (rs) to pore radius (rp). The only adjustable 
parameter in the model is rp. The SHP model was applied to rejection vs pressure 
datasets. First the maximum solute size was noted and used to calculate 1]. The ratio,1] , 
was then substituted into Equations (5.3), (5.2) and finally equation (5.1) to obtain the 
reflection coefficient, a. The pore radius (rp) was obtained by trial-and-error using 
least-squares fitting to provide a good fit to the size exclusion experimental data. 
The SHP model assumes a dense NF membrane to have cylindrical like pores as in 
accordance lo Darcy's Law and the Hagen-Poiseuille's equation. Both of these 
equations have been widely used to explain the flow of fluids through porous media. 
According to Darcy's Law, pressure-driven transport through a membrane or other 
medium with physical pores is given by 
(5.4) 
where J is the solvent flux, k the membrane permeability, !:ll' the differential pressure, 
J1 the liquid viscosity and L the medium thickness. 
Flux behaviour can be also described by the Hagen-Poiseuille equation for viscous flow 
(5.5) 
where e is the medium porosity, r the average pore radius. Tortuosity is normally 
defined as the ratio of the true length of the flow path and the straight-line distance 
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between the beginning and end points [30]. Comparison of equations (5.4) and (5.5) 
gives 
Assuming e is constant for a given membrane gives 
T 
(5.6) 
(5.7) 
This relationship suggests that permeability will be zero if pores do not exist. 
Permeability will increase as the 'pores' or 'free-volume' space between the polymer 
chains gets bigger due to swelling in the presence of a solvent and tend to reduce under 
excessive pressure. The pore radius squared is proportional to the open pore area. The 
permeability was calculated using Darcy's Law for each membrane to investigate into 
the relationship of permeability to pore radius. The relationship can then potentially be 
used to identify transition of transport mechanisms. The results of applying these 
models are described in Section 5.3.1. 
5.2.2 Pure Diffusion Model (PD) 
The PD model assumes that the transport of solute and solvent are independent (no 
interaction), i.e. the presence of a low concentration of solute does not cause the solvent 
permeation to deviate from that of the pure solvent. Assuming that the solvent transport 
is most likely to occur via a hydraulic mechanism, the solvent flux,.Is, is given by 
J =kM' 
, x 
(5.8) 
where x is the membrane thickness. If the solute is large then it cannot permeate the 
membrane via a convective mechanism due to hindrance from the polymer-chains. 
However, if the solute is small then it can be postulated that it can permeate the 
membrane via both convective mechanism and despite a small extent of diffusion. In 
this case, the solutes are assumed to be transported by a diffusion mechanism alone. 
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Initially, only the solvent is present in the penneate under the action of the trans-
membrane pressure. This yields an activity gradient for the solute between the feed and 
penneate, which results in diffusive transport. The activities of solvent and solute in the 
feed and permeate liquid are assumed equal to the activities at the membrane surface, 
hence solute flux, J;, is given by 
J , D,{riFCIF - riPC,p} 
x 
{5.9} 
where rlF the activity coefficient for solute in the feed, C'F the solute concentration in 
the feed, rIP the activity coefficient for solute in the penneate and CiP the solute 
concentration in the penneate. At equilibrium, the penneate solute concentration, CiP, 
can be expressed in tenns of the flux of each component in the mixture. At low solute 
concentrations, the total flux can be approximated to the pure solvent flux and hence 
J, 
J, +J, 
J, 
J, 
{5.10} 
Combining equations {5.8} & {5.9} and rearranging in tenns of solute rejection yields 
1 R=---::--
1 D, +--
lclP 
{5.11} 
The PD model does not take membrane thickness into account and the adjustable 
parameter is the diffusion coefficient, Di. This was correlated to the experimental data 
using the least squares fitting method previously described. Example calculations are 
shown in Appendix 4. 
5.2.3 Solution-Diffusion Model (SD) 
The SD model assumes that solutes partition {"dissolve"} into the membrane phase at 
the feed side of the membrane and then diffuse down a chemical potential gradient to 
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the penneate side of the membrane. Subsequently, the penneants desorb ("desolve") 
from the membrane phase at the permeate side. The general equation for the flux of 
species i is given by 
D,K, [ (-VIM)] J , = -x- CiF - CIP exp RaT (5.12) 
where DI is the diffusion coefficient, KI the partition coefficient, x the membrane 
thickness, V the molar volume, M the trans-membrane pressure, RG the universal gas 
constant and T the temperature. For low concentrations of solute, the feed and permeate 
concentrations of solvent can be approximated as unity, therefore the solvent flux, .Is, is 
given by 
J _ D,K, [ (_-__ V,-----,M)] ---l-exp -
'x RaT 
(5.13) 
The expression for solute flux is complicated by the need to include solute molar 
volume. Wijmans and Baker [6] suggested that in the case of solute transport for dilute 
systems (like these used in the current study) the exponential tenn in Equation (5.13) 
can be approximated to unity which yields an expression for solute flux, J; 
D,K, ( ) J 1 =-- CiF -C'P (5.14) X 
Assuming constant values for Dj, K j and x, equation (5.14) shows that solute transport is 
dependent of pressure, and results from a concentration gradient alone. At equilibrium 
the permeate solute concentration, Cjp, can be expressed as a function of the individual 
component fluxes 
C _ J , 
iP - J +J 
I S 
(5.15) 
In the case where the solute concentration is very low, Jj + Js ~Js and hence 
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(5.16) 
Substituting the expressions for Ji and Js from equations (5.13) & (5.14) into equation 
(5.16), noting that rejection, R =1- CIP and rearranging gives 
CIF 
R (5.17) 
Values of D,K, are obtained by fitting equation (5.13) to experimentally measured 
solvent flux data (see Appendix 4 for an example calculation). Using values of J, over a 
range of pressures, and a value for membrane thickness, a correlation can be obtained 
between J, and [1- exp( - ;:c:: )] from which the gradient of the graph can be obtained 
and D,Ks determined. Equation (5.17) therefore contains a single adjustable parameter, 
DKi, which can be used in a least-squares fit to correlate the SD model with 
experimental solute rejection versus pressure data. The diffusivity of molecules through 
dense membranes can vary by several orders of magnitude depending on the degree of 
swelling and the size of the molecules. 
It has been reported that the swelling of the membrane results in reorganisation of the 
membrane matrix, which changes the porosity and solute rejection characteristics of the 
membrane [27, 28]. Although the SD model stated that solute-solvent transport 
mechanism is purely based on concentration gradient but pressure is applied to 
overcome the capillary effect of the solvent and pore of the membrane which aids both 
solvent and solute to be transported through the membrane. 
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5.2.4 Convection-Diffusion Model (CD) 
The CD model is based on convective and diffusive transport in a similar manner to the 
SK model [14]. The solute rejection is governed by the pore size distribution of the 
membrane material which acts as a sieve. Since a part of solute transport occurs 
convectively, the remainder ofthe solute transports by diffusion where it is assumed to 
not hinder the convective transport. Upon initial permeation, the permeate consists of 
the solvent and solute which pass through the larger free volume by convective flow, 
with the possibility of solute-solvent 'coupling flow' or pure solvent permeation 
through the smaller pores. A solute concentration gradient therefore exists between the 
feed and permeate, allowing diffusive transport of the remaining solute .. 
Solvent flux, J" can be expressed as 
J = kM' 
, x (5.18) 
Solute flux,.1;, is both convective and diffusive, hence 
(5.19) 
where a is the fraction of solute undergoing convective flow. Solute rejection is given 
C p • d J, .. by R = 1--' , but at low concentratIOns of solute, CiP can be expresse as - glvmg ~. ~ 
1- R = (l-a)Di(CiF - CiP) + aCiFM' 
kCiFM' 
which upon division by CiF and rearranging gives 
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I-a R = --,---,,-
1+ (l-a)D; (5.21) 
kM 
A least squares analysis was used to fit the model to the experimental rejection vs 
pressure data in order to detennine two parameters, a, the fraction of solute undergoing 
convective flow and D;, diffusion coefficient. See Appendix 4 for an example 
calculation. 
5.2.5 Spiegler-Kedem Model (SK) 
The SK model assumes both convective and diffusive solute transport to occur through 
a membrane where it comes in various fonns such as to describe the transport of 
electrolytes and neutral solutes [29]. As described in Chapter 2, all the solutes used in 
the current work are low-polarity and could be assumed to be neutrally charged. Hence 
in this case, the resulting expression for solute rejection is 
R= (I-Fp 
l-CJF 
(5.22) 
where CJ is the 'reflection coeffcient' and a parameter that is used to describe the 
maximum possible retention of a solute. F is defined as the vanishing volume flow [29] 
and given as 
(5.23) 
where Jv and Ps are defined as total solvent flux and solute penneance respectively. The 
SK model contains two adjustable parameters, namely the reflection coefficient (IT) and 
the solute penneance (Ps). The model can be correlated with rejection data using a least-
squares approach by first substituting the solvent flux obtained experimentally at a 
particular pressure into equation (5.23). With a known membrane thickness, x, and an 
assumed value of reflection coefficient (IT) and solute penneance (Ps), F is obtained for 
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the given pressure. F is then substituted into Equation (5.22) to, however, in order to 
obtain a good fitting model in accordance to the solute rejection data. Both reflection 
coefficient and solute permeance term is obtained by trial-and-error using least-squares 
fitting method as previously shown in Figure 5.6 and 5. 7. A complete rejection-pressure 
profile is then fitted by calculating for subsequent pressure ranges. An example 
calculation can be found in Appendix 4. 
5.2.6 Pore-Flow Model 
The pore model derived from the Extended Nernst-Planck equation (ENPE) assumes 
both convective and diffusive solute transport through a membrane [26]. As the electric 
field gradient is negligible in the current work, the term can be ignored and thus, 
. dCi J , =-KidD. -+K CiV , ,I."'" dx f,e (5.24) 
where j, is solute flux, Dj.", is diffusivity in bulk solution, Cj is solute concentration in the 
pore and V is solute velocity. The solute diffusive and convective hindrance factors K;.d 
r 
and Ki•c are functions of the ratio between the solute and pore radii (Ai =...!:!...). For a 
rp 
parabolic and fully developed solute flow within a narrow pore or flow region, the 
hindrance factors may be expressed as 
K'.d = 1.0 - 2.30A, + 1.154Ai + 0.224..1,; (5.25) 
K" = (2 -~, )(1.0 + 0.054,1" - 0.988,1,; + 0.441,1,; 
. . 
(5.26) 
where ~, , the partition coefficient, is the ratio of the average intrapore solute 
concentration to that in the bulk solution at equilibrium. When interactions between the 
solute and pore wa11 are purely steric, the partition coefficient may be approximated as 
(5.27) 
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Neglecting the effects of concentration polarisation (Ci.m=CiJ) and integrating equation 
(5.24) across the thickness of the membrane (0 < x < ax) with the boundary conditions 
where c
'
.X = 0 = qC f and C,•X="" = tIC p yields 
C "'K RPF =l-~=l- '1'1 I.c 
I C',f 1- (1-I/JIK,.c )exp{- P,.e) 
where the only adjustable parameter is Ai' Pi.e is given by 
and D i•oo is defined as 
D = kT 
I." 6m,d 
~i,s 
(5.28) 
(5.29) 
(5.30) 
The model is applied with given a set of known solute sizes (see Chapter 2) and an 
assumedA" to calculate pore radii, rp. Ai is then substituted into equations (5.25) and 
(5.26) to get the solute diffusivity and convective hindrance factors Ki.d and Ki.c and 
subsequently substituted into equation (5.28). The Ai is then obtained through trial-and-
error using least squares fi~ting to fit the model to rejection-pressure profiles (see 
Section 5.2). 
5.3 Applications of Models 
In this section, calculations and predicted values for all the models described previously 
are shown. All correlation values are R2 correlation coefficients. 
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5.3.1 Evaluation of Effective Membrane Pore Size (SHP Model) 
Figure 5.7 shows the typical application of the SHP model to a radiation crosslinked 
membrane in n-heptane, i-octane and xylene. 
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Figure 5. 7 - Solute rejection in n-heptane. xylene and i-octane plotted against 
maximum solute size for radiation cross linked membrane. Experimental data (points) 
and the SHP model (lines). 
According to Figure 5.7, it is clear that the effective pore size of the membrane is 
solvent dependent and apparently governed by the solvent solubility parameter as 
previously described. The SHP model used as a membrane characterisation tool with 
correlations showing 0.933, 0.828 and 0.912 for n-heptane, i-octane and xylene 
respectively. n-heptane is the best swelling solvent, i-octane intermediate and xylene a 
poor swelling solvent for the radiation crosslinked membrane and in accordance to the 
membrane swelling data (see Chapter 2). The SHP model (see Section 5.2) predicts that 
the membrane has an effective pore size of 3.45 nm in n-heptane and lower values in i-
octane (2.68 nm) and xylene (2.13 nm) at 8 bar. It was found that a higher effective pore 
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size exists at lower pressures (see Table 5.1) for all solvents (see also Appendix 4). In 
accordance with the membrane swelling data, it was found that membrane swelling is 
Iow at high pressure (0.47 J.1m at 7.27 bar in xylene) and high at lower pressure (2.63 
J.1ID at 1.02 bar in xylene). Similar results were obtained for all solvents tested (see 
Figure 2.13 and Table 2.6). Interestingly, both membrane swelling measurements and 
prediction by the SHP model are in direct accordance showed that pore size is high 
when membrane swelling is highest in n-heptane, intermediate in i-octane and lowest in 
xylene. 
Work by Geens et al. [30] showed similar results to those obtained here. These authors 
investigated solute (e.g. Eusolex, Victoria Blue erythrosine B) transport with organic 
solvents (e.g. methanol, ethanol, n-hexane, acetone) using both ceramic and polymeric 
nanofiItration membranes (e.g. MPF-44, MPF-50, Desal-5-DK). They found that 
membrane pore size is solvent dependent, for example by the SHP model predicted the 
effective pore size of an MPF-44 membrane in methanol as 1.37 nm, 1.42 nm in ethyl 
acetate, 1.57 in ethanol and 2.07 in acetone. Similar results were also shown for the 
remaining polymeric membranes. 
Figure 5.8 shows a comparison of solute rejection for both thermal and radiation 
crosslinked membranes in n-heptane. Modelling results show a striking difference in 
effective pore size and show a good correlation and consistency with membrane 
swelling data. As previously discussed, the thermal crosslinkedmembrane is believed 
to have a higher degree of crosslinking and smaller free-volume whereas the radiation 
crosslinked membrane exhibits less crosslinking and greater free-volume. Effective pore 
size of the membranes could be stated as dp.radiation > dp.thermal. Correlation coefficient 
showed 0.972 and 0.947 for radiation and thermal crosslinked membrane respectively. 
The SHP model appears to be a good indicator of the effective pore size in the 
membrane when immersed in a range of solvents. 
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Figure 5.8 - Solute rejection in n-heptanefor radiation and thermal crosslinked 
membrane plotted against maximum solute size (as determined by ChemDraw). 
Experimental data (points) and the SHP model (lines). 
Effective Membrane pore diameter (nm) 
Pressure (bar) Radiation erosslinked Thermal erossliuked 
I 4.80 
2 4.29 2.88 
3 3.88 2.70 
4 3.79 2.59 
5 3.65 2.52 
6 3.59 . 2.47 
7 3.55 2.46 
8 3.45 2.41 
Table 5.1 - Effective membrane pore sizes at various applied pressures in n-heptane. 
It was obvious that pressure had an effect towards effective membrane pore size. Table 
5.1 shows the correlation of pressure to pore diameter which ties in with the membrane 
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swelling measurements. When pressure is applied to the membrane, it compacts, 
tightening up to polymer chains, leading to pore deformation and finally results in 
smaller pore size. All correlation factors (R2) values were found to be of> 0.9. 
5.3.1.1 Correlation between Solvent Permeability and Pore Area 
This section describes the relationship between the experimentally determined solvent 
permeability and pore area (as defined in Section 5.2.1). One would intuitively expect 
that no permeation will occur if there are no pores of sufficient free-volume in the 
membrane as it is believed that solvents may only permeate a membrane through these 
spaces. Using 'the derived relationship, a correlation of pore area (related to pore radius 
squared) and membrane thickness and permeability can be established as depicted in 
Table 5.2. Solvent flux and membrane thickness under the applied filtration pressure 
were obtained experimentally. Permeabilities at the unswollen membrane thickness and 
the membrane thickness measured in the solvent and under pressure were calculated 
using Darcy's law (see Equation (5.4». 
Pressure Solvent Permeability at Permeability at Pore radius Thickness at 
(bar) flux various thickness constant thickness squared, rl applied 
(IIm'h) ( xlO·20m') (2 I'm) (xlO·20m') (nm') pressnre (I'm) 
1 7,92 2.55 5,76 2,90 
2 11.81 1.75 1.37 4.60 2,70 
3 18.00 1.45 1.37 3,76 2.20 
4 24,30 1.27 1.37 3,59 1.90 
5 35.14 1.25 1.37 3.33 1.80 
6 38.52 1.13 1.37 3.22 1.60 
7 45.36 1.07 1.37 3.15 1.50 
8 51.12 0,98 1.37 2,98 1.40 
Table 5.2 - Calculated permeability and pore radius squared values for n-heptane 
solvent and a radiation cross linked membrane with both constant membrane thickness 
and membrane thickness measured in n-heptane at the specified pressure. 
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As depicted in Table 5.2 and Figure 5.9, it is evident that calculated penneability 
decreases with decreasing pore area and membrane thickness. Although a thinner 
membrane could be expected to result in higher penneability, the concurrent change in 
free-volume, as depicted through the pore radius leads to higher overall resistance and 
lower permeability. For a constant ratio of e, Figure 5.9 shows a linear relationship 
1: 
between permeability and pore radius squared. 
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Figure 5.9- n-heptane permeability plotted against pore radius squared for both 
varying and constant membrane thickness for a radiation cross linked membrane. 
The SHP model predicts the pore radius squared (pore area) to be of 1.30x 1 0.18 m2 when 
permeability is zero which infers that 'pores' exclusively exist for the dense membrane 
even without the influence of solvent-induced swelling. It is also clear that by taking 
into account the various membrane thicknesses under applied pressures a better 
correlation with n-heptane permeability is obtained with respect to the pore radius 
squared. Reason being, one would expect the membrane under dry conditions no n-
heptane will permeate the membrane. From Figure 5.9, if a constant membrane 
thickness is considered, one would infer an n-heptane penneability of 1.70xlO·2o m2 
when the pore radius squared is zero which infers that solvents are able to permeate a 
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membrane with no existing free-volume or 'pores'. From this, it could be concluded that 
'pores' can effectively exist even in a 'non-porous' dense NF membrane, albeit at a 
small size. As previously discussed in Chapter 4, degrees of membrane swelling are 
solely affected by pressure and solvent type where a good swelling solvent (e.g. n-
heptane) swells and expands the free volume between the polymer chains in a 
membrane to a greater degree when compared to·a poor swelling solvent (e.g. xylene). 
Hence, it is interesting to investigate the various pore areas that different solvents 
induce in a membrane (see Figure 5.10). 
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Figure 5.10 - Permeabilities for xylene, i-octane and n-heptane plotted against pore 
radius squared with variation membrane thickness with pressure taken into account. 
As previously mentioned, the pore radius squared value can be interpreted as the pore 
area. It is obvious that without the presence of solvents, an open pore area in the. 
separation layer is still calculated which conflicts with the statements of some 
researchers' about PDMS being a non-porous dense membrane. However, it is worth 
noting the meaning of a pore. Some define a pore as a fixed structure in a membrane 
and some define a pore to be generated from the movement of polymer chains. To 
further evaluate the effective pore size of the membranes used, solvent permeabilities 
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were plotted against pore diameter values obtained from the Darcy's law as shown in 
Figure 5.11 and Figure 5.12. 
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Figure 5.11 - Solvent permeability plotted against pore diameter. Data obtained using 
radiation cross linked membrane. 
n-heptane being the best swelling solvent for PDMS exhibits the largest pore size 
calculated of the three solvents evaluated. It is postulated that although n-heptane is a 
better swelling solvent but it also has the largest size of 0.928 run similar to i-octane 
whereas xylene with the smallest size of 0.653 run. It is believed that n-heptane (good 
swelling solvent) penetrates the membrane to expand the free volume and supports the 
membrane structure from collapsing (pore diameter - 2.50 run and 2.60 run for i-octane 
and n-heptane respectively). Xylene on the other hand exhibits a smaller pore diameter 
(1.70 run) as depicted in Figure 5.11. A direct comparison of pore sizes obtained from 
Darcy's law for thermal and radiation crosslinked membranes is shown in Figure 5.12. 
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Figure 5.12 - n-heptane permeability plotted against pore diameter for both radiation 
and thermal cross linked membranes. 
According to the membrane swelling data presented in Chapter 2 it is clear that the 
thennal crosslinked membrane has a significantly degree of crosslinking with smaller 
effective pore size. In experiments, the solute rejection data for the thennal crosslinked 
membrane was consistently higher than for the radiation crosslinked membrane under 
otherwise identical conditions. With the membrane pore sizes predicted from the 
Darcy's law and consistently lower membrane swelling with the thermal crosslinked 
membrane, it can be concluded that the pore size values predicted by the SHP model 
correlate well to membrane swelling and solute rej ection data. 
5.3.2. Pure-Diffusion Model 
5.3.2.1 Low-polarity systems 
In this model it is assumed that the transport of solute and solvent are independent, i.e. 
the presence of a low concentration of solute does not cause the solvent penneation to 
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deviate from that of the pure solvent flux [14]. It is further assumed that the solute 
transports via a diffusive mechanism alone and the membrane acts as a barrier between 
the presence of solvent on the feed and permeate sides and. solute transport is based 
purely on diffusion. In all cases, the solvent permeability was known from experimental 
flux measurements and the only adjustable parameter in the model is the diffusion 
coefficient CD;). 
Figure 5.13 shows typical results for the fitting of the PD model and Table 5.3 shows 
solvent permeance, diffusion coefficient and correlation coefficients for a representative 
sample of the data analysed. 
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Figure 5.13 - Rejection of rubrene with xylene, i-octane and n-heptane solvents: 
Experimental data (points) and PD model (lines). Results obtained with a radiation 
cross linked membrane. 
It is clear that the PD model generally shows a reasonable correlation to the solute 
rejection experimental data obtained with n-heptane, i-octane and xylene. A much lower 
correlation coefficient was obtained for the pyrene solute which might possibly be due 
to the small size of the solute and it being able to permeate the membrane directly with 
153 
Chapter 5 - Modelling 
the solvent through flow coupling. However, with an increase in solute size and 
membrane swelling in different solvents a variety of rejection-pressure profiles were 
observed. At higher solvent permeance (n-heptane), which is accompanied by greater 
membrane swelling, the polymer chains comprise in the membrane the solutes are more 
prone to permeate the membrane convectively whereas at lower solvent permeance 
and/or larger solute size, the solutes were partially rejected by the membrane. Variations 
in membrane thicknesses may potentially affect the diffusion coffecients calculated by 
the PO model, however, no account of this variable is taken and POMS thickness is 
assumed to remain constant at 2 !Lm. 
Results tabulated in Table 5.3 shows that different solvents affect the calculated values 
of the membrane permeability (k) and diffusion coefficient (Dj). As one would 
intuitively expect, the smaller solute (pyrene) permeates the membrane at a higher rate 
compared to the larger solute (iron (III) naphthenate) as depicted by the values for k and 
Dj. Thus, the basis of the PO model is potentially violated in the case of pyrene which 
results in the relatively poor fit to the data. For a given solute both k and Dj tended to 
become smaller with less solvent induced membrane swelling, a feature that was also 
replicated at larger solute sizes. 
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As shown in Figure 5.13 and Table 5.3, the PD model is able to predict the membrane 
penneability and diffusion coefficient in various solvents. n-heptane being the best 
swelling solvent is able to swell the membrane better compared to i-octane and xylene 
thereby allowing more solutes to be transported through. The diffusion coefficient for 
rubrene in n-heptane is 134xIO·12 m2/s, 28.9xI0·12 m2/s in i-octane and 5.92xlO·12 m2/s 
in xylene which all show a correlation coefficient above 0.95 which implies the PD 
mode is a good fit to these solute rejection experimental data. 
Maximum k (to'i2) D; (to·Il) Correlation 
Solvent Solute 
m2/s.bar m2/s solute size (nm) coefficient 
n-heptane Pyrene 0.923 3.96 997 0.825 
Rubrene 1.348 3.84 134 0.958 
Iron (III) naphthenate 1.790 3.56 16.6 0.921 
i-octane Rubrene 1.348 2.92 28.9 0.976 
xylene Rubrene 1.348 2.42 5.94 0.932 
Table 5.3 - Solvent permeability, difJUsion coefficient and correlation coefficient/rom 
the PD model. 
As previously discussed in Chapter 4, membrane swelling is a factor that affects solute 
rejection. It was postulated that the membrane compacts when under an applied pressure 
which would effectively tighten the free-volume in between the polymer chains and 
result in higher solute rejection and slower diffusion rates. The diffusion coefficients 
were predicted by taking the membrane thickness (2 llm in this case) at that particular 
pressure respective to that of solute rejection. Each diffusion coefficient was predicted 
individually as shown in Table 5.4. In general, the curve of PD model is slightly steeper 
compared to the obtained solute rejection data in xylene as shown in Figure 5.14. This 
could be taken as the solute transport in xylene is not entirely based on diffusion. If the 
solute transport is diffusive, then the solute rejection data will exhibit steeper curves. A 
shown in Figure 5.13, solute rejection is achieving plateau at 4 bar which suggests the 
solute transport is convection where a 'fixed' certain amount of solute is penneating 
through and rejected by the membrane at the same time. 
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Pressure PDMS thickness in n-heptane k (10. 12) D; (10.10) Correlation 
(bar) under applied pressure (/lm) m2/s.bar m 2/s coefficient 
2 2.0 3.84 1.34 0.958 
3 1.8 3.46 1.21 0.958 
4 1.6 3.07 1.07 0.958 
5 1.5 2.88 1.00 0.958 
6 1.4 2.69 0.93 0.958 
7 1.3 2.45 0.87 0.958 
8 1.2 2.30 0.81 0.958 
Table 5.4 - n-heptane permeability. diffusion coefficient and correlation coefficient 
obtained from various PDMS thickness under applied pressure for PD model. 
As tabulated in Table 5.4, it is apparent that the membrane permeability and diffusion 
coefficient decreases with increasing pressure. This could be due to the membrane 
permeability and diffusion coefficients are affected by the membrane compaction which 
resulted in less free-volume in the membrane due to the applied pressure. The 
membrane compaction forces individual polymer molecules closer together which tends 
to restrict solute movement and diffusion rates are likely to be lower due to the reduced 
presence of solvents. Hence, lower k and D; values. Although, it was postulated that 
diffusive transport is not pressure dependent but in this case where pressure is gradually 
increased to increase the solute rejection, however pressure might potentially have an 
effect on the diffusion coefficient of the model. 
5.3.2.2 Polar Systems 
This section investigates the applicability of the PD model to more polar systems. A 
typical representation of the modelling is shown in Figure 5.14. The model assumes that 
no separation occurred at the membrane surface; in which case the activity coefficients 
of the solvent and solute were equal at any given concentration (Le. an ideal 
solvent/solute mixture). Interestingly the model correlated the experimental data quite 
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well but this does not take account of the rejection of the polar solvent in the polar/low-
polarity mixture. 
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Figure 5.14 - Solute rejection (9,10 - diphenylanthracene) with n-heptane and 10%, 
20%, and 30% ethanol co'!centrations. Radiation cross linked membrane experimental 
data (points) and PD model (lines). 
From Table 5.5, it is clear that an increase in solvent permeance resulted in an increase 
in diffusion coefficient. As observed experimentally and predicted from the PD model, 
the permeance of ethanol was consistently much lower than that researched for n-
heptane as previously discussed in Chapter 4. This is likely to be a result of the polarity 
of ethanol and the hydrophobic nature of the membrane. Low-polarity solvents were 
generally found to permeate the membrane at a higher rate compared to the polar 
solvents. 
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Ethanol ko~heptane D1, solute Correlation kethanol DI, eth~nol Correlation 
Cone. (10.12) (10.12) Coefficient (10.12) (10.12) Coefficient 
(%) m2/s.bar m2/s m2/s.bar m2/s 
0 3.96 997 0.825 
10 4.08 108 0.885 0.23 6.66 0.944 
20 6.18 242 0.981 1.35 25.6 0.970 
30 4.40 1210 0.894 1.31 15.0 0.968 
Table 5.5 - Calculated values from the PD model with radiation cross linked membrane. 
Table 5.5 shows a representation of solute transport in low-polarity/polar systems (see 
Appendix 4 for more data). As deduced from Table 5.5, the higher correlation 
coefficients obtained with the PD model for ethanol suggest that the solute transport 
have a degree of convection whereas ethanol transports via a more diffusive mechanism. 
This can be observed from the diffusion coefficient ofthe solute which is in the range of 
108-1210 m2/s and consistently higher than corresponding values for ethanol. As 
previously shown in Figure 4.18, it is evident that the solute is more soluble in low-
polarity solvents (n-heptane, i-octane and xylene) than in a polar solvent (ethanol). 
From these results, it can be postulated that a higher fraction of the solute concentrates 
in the low-polarity solvent phase, hence, the solute (9,10-diphenylanthracene) is 
believed to be transported via solute-solvent coupling. The diffusion coefficient for 
ethanol is in the typical range for diffusion; this could be rationalised reason being 
ethanol is a polar solvent and tries to penetrate a hydrophobic membrane under no 
applied pressure which is not possible. Ethanol permeation can only occur through 
PDMS if other influencing parameters in the filtration experiment such as pressure or 
significant membrane swelling occur to aid the transport process of a polar solvent 
through a hydrophobic membrane. 
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5.3.3 Solution-Diffusion Model 
5.3.3.1 Non-polar Systems 
The SD model nonnally predicts an increasing solute rejection with increasing pressure, 
which was generally consistent with the experimental data. As previously mentioned, 
the adjustable parameter in the SD model is the product DiKi. The SD model was 
initially fitted to all experimental data on the basis that there was no membrane 
compaction as stated in Wijmans and Baker [6], however, with the availability of 
membrane swelling data as shown in Chapter 2, it is interesting to investigate the effects 
of membrane swelling on the applicability of the SD model in this case.' Here, the DiKi 
values obtained were predicted individually for each respective pressure. Figure 5.15 
shows a typical representation of the SD model applied to solute rejection data with 
constant membrane thickness (2 !lm) in three Iow-polarity solvents (n-heptane, i-octane 
and xylene). 
... 
1.0,---------------------------------------------------, 
• Iron (Ill) naphthenate 
- SO model (D,KF1.66x10·11 m2/s) 
... Rubrene 
0.8 _ _ SO model (DI<F1.34x10· IOm2/s) 
• Pyrene 
_ .. SO model (DI<F2.50x10·liI m2/s) 
E 0.6 
~ 
.~ 
~ Ol 0.4 
0.2 
...--
J--~-
"L - -'" - -...- - ~ 
.. __ .. _._ .. .JI._ ....... _ .. 
0.0 +----------='-===-:;=;=:..:..:..::::...-"----..---...... ----'p---------/ 
o 2 4 6 8 10 
Pressure (bar) 
Figure 5.15 - Iron (Ill) naphthenate, rubrene and pyrene rejection with n-heptane: 
Experimental data (points) and SD model (lines). Results obtained with a radiation 
crosslinked membrane. 
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It can be seen that solutes at different sizes do affect the rejection profiles, although no 
solute sizes are directly taken into account in the SD model. As depicted in Figure 5.15, 
solutes permeated the membrane with predicted D;K; values of 1.66xl0-1l m%, 
1.34xl0-IO m2/s and 2.50xl0-9 m2/s which infers that the largest solute (1.790 run) 
permeates the membrane at a low rate compared to the intermediate (1.348 run) and 
small (0.923 run) size solutes. As previously discussed in Section 3.3.3, the transport of 
large solutes might potentially be restricted by the amount of free-volume available in 
the membrane where rejection might occur on the surface of the membrane and a 
fraction of solutes trapped by the polymer chains. Smaller solutes, on the other hand, 
have potentially less restrictions when being transported through the membrane. The 
correlation coefficients were found to be 0.921, 0.959, and 0.876 from the large to small 
solute. 
The model fits in Figure 5.15 take no account of swelling/compression effects with 
pressure as affected by solvents. Similar observations were reported by White [13] and 
See-Toh et al. [26] who found that solute permeabilities decreased with increasing 
molecular weight. However, White [13] stated the highest rejection obtained with the 
solutes used (decane, docosane, pristane, etc.) was not for the solute with the highest 
molecular weight (dososane, MW=310 g/mol) but with pristine (MW=268 glmol). This 
could be because pristine has four branching methyl groups along its backbone which 
impedes diffusion through the membrane structure when compared to the linear 
hydrocarbon, dososane. Such irregular and unexpected lowlhigh solute permeabilities 
can be a result of shape and polarity of solutes. See-Toh et al. [26] applied the SD 
model to their solute rejection data and found that solute permeability decreased with 
increasing molecular weight. A higher molecular weight solute (tetraoctylarnmonium 
bromide, MW=546 g/mol) was observed to have a higher permeability than hexacosane 
(MW=366 glmol). A similar observation was made by White [13] with a lower 
permeability observed for branched molecules. 
Solute transport has been shown to be influenced by solvent type, membrane swelling 
and pressure as discussed in Chapter 3. A typical application of the SD model to solute 
rejection data in three solvents is shown in Figure 5.16. 
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Figure 5.16 - Solute rejection (rubrene) from n-heptane. i-octane and xylene solvents: 
Experimental data (points) and SD model (lines). Results obtained with a radiation 
cross linked membrane. 
In Figure 5.16, the SO model was applied with a constant membrane thickness. 
Correlation coefficients were found to be 0.979, 0.990 and 0.959 for xylene, i-octane 
and n-heptane respectively. The correlation coefficients show that the SO model fits the 
rejection data better for xylene and i-octane but not as good, but still acceptable for n-
heptane. This could imply that n-heptane swells the membrane sufficiently to allow 
more pore-flow/convection rather than solutes diffusively transport. As previously 
discussed, solute transport is affected by solvent type. Although the SO model was 
found to fit the experimental data very well, it is worth noting that this does not 
necessarily imply that the fundamental basis of the SO model is correct for the tested 
solvent/solute/membrane combinations. 
Another parameter affecting solute rejection is membrane crosslinking. As previously 
discussed in Chapter 3, a high crosslinked membrane (thermal) has more restricted 
paths for solute transport. A typical representation of the SO model as applied to 
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rejection data obtained with membranes exhibiting different degrees of crosslinking is 
shown in Figure 5.17. 
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Figure 5.17 - Solute rejection (Rubrene) in n-heptane for radiation and thermal 
cross linked membranes. Experimental data (points) andSD model (lines). 
The data for the thermal crosslinked membrane showed consistently higher rejections 
compared to the radiation crosslinked membrane. As previously discussed in Section 
3.3.1, solvent type affects the membrane and imparts to its own unique properties as 
related to the solubility parameter; the solvent with a solubility parameter to that of the 
membrane swells the membrane the most to allow more solute to be transport through 
the membrane. On the other hand, a poor swelling solvent does not swell the membrane 
as much with the result that solute transport is restricted and higher rejections. Such 
behaviour was be verified by the SHP model as the pore sizes calculated are 
consistently smaller for the thermal crosslinked membrane. The degree of crosslinking 
can be quantified by the DjKj where a few value indicates more crosslinking. 
Ursell [31] stated that the diffusional range of molecules is of the order 10-12 m2/s. 
Based on the correlation coefficients calculated for both membranes, it is clear that the 
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SD model shows a higher coefficient for the thermal crosslinked membrane (0.986) 
compared to the radiation crosslinked membrane (0.958). From these values, it could be 
hypothesised that a higher fraction of solute favoured a hydraulic permeation 
mechanism for the radiation crosslinked membrane whilst a higher fraction of solute 
favoured a diffusion mechanism for the thermal crosslinked membrane. The SD model 
as applied to the solute rejection data above are modelled on the assumption of a 
constant membrane thickness of 2 Ilm. It is interesting to investigate how a variant 
membrane thickness affects the rejection-pressure profiles and the values of DjKj (see 
Table 5.6). It is clear that the SD model curve fits the solute rejection data obtained with 
the thermal crosslinked membrane. The data obtained with thermal crosslinked 
membrane have shown to have tighter free-volume and is postulated to give higher 
solute rejection values. As previously discussed in section 5.3.2.1, the solute rejection 
values are calculated from solute concentration in the permeate and retentate. From the 
steepness and slope of the rejection data shown in Figure 5.17 for the thermal 
crosslinked membrane, it can be postulated that the solute is transported via diffusion. 
Pressure PDMS thickness under applied DXI Correlation 
(bar) pressure (Ilm) (xlO·10 m2/s) coefficient 
2 2.0 1.34 0.959 
3 1.8 1.21 0.959 
4 1.6 1.07 0.959 
5 1.5 1.01 0.959 
6 1.4 0.94 0.959 
7 1.3 0.87 0.959 
8 1.2 0.81 0.959 
Table 5.6 - Predicted DjKj values and correlation coefficients from the SD model as 
obtained with a variant PDMS thickness in n-heptane under applied pressure. 
As tabulated in Table 5.6, it is apparent that DiKi decreases with increasing pressure. 
This could be due to the membrane permeability decreasing due to the membrane 
compaction which resulted in less free-volume and therefore restricted solute transport. 
Although diffusive transport is not pressure dependent but in this case where pressure is 
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gradually increased to increase the solute rejection, hO,wever pressure might potentially 
have an affect on the diffusion coefficient of the model. Interestingly, the predicted 
diffusion values for the SD model and PD model shown in Tables 5.4 and 5.6 are fairly 
similar. The PD model assumes that solutes are transported entirely by diffusion and 
rates are pressure independent and it is no surprise that SD model predicts similar 
diffusive values due to its similar assumptions with the PD model. With both diffusive 
models predicting similar diffusion values, this possibly implies that the transport 
mechanism for n-heptane is diffusion. Similar work done for i-octane and xylene can be 
found in Appendix 4. 
5.3.2.2 Polar Systems 
The SD model was applied to solute rejection in polar systems using the same method 
described alone, however some physical properties of the solution mixture were altered. 
The membrane thickness was taken as a dry membrane because of its insignificance 
towards the predicted DX; values (see Table 5.6). The D;K; values for a constant 
membrane thickness (2.0 Ilm) are l.34xlO·10 m2/s at 2 bar, and 8.05x10·11 m2/s at 8 bar. 
H is evident that the difference between the values is as low as 5.35x10·11 m2/s. The SD 
model was applied for various ethanol concentrations as shown in Figure 5.19 and 5.20. 
These are respectively representative of solute (rubrene) rejection and ethanol rejection 
for an ethanol/n-heptane mixture. 
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Figure 5.18 - Solute rejection (9,10 - diphenylanthracene) with n-heptane for radiation 
cross linked membranes in 10%, 20%, and 30% ethanol concentrations. Experimental 
data (pOints) and SD model (lines). 
As shown in Figure 5.18, it is clear that the SD model is a poor fit for rejection data 
with \0% and 20% ethanol. There could be several possibilities to explain the 
applicability of the model such as 
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• At 30% ethanol concentration in n-heptane, ethanol may form clusters between 
the polymer chains, thereby supporting the chains under the applied pressure to 
give a fixed structure which aids solute transport. 
• The SD model assumes that solute transport is purely diffusive, interestingly if 
solutes are transported via diffusion, the model should be able to correlate the 
higher solute rejection values instead oflower ones. However, it is worth noting 
that higher rejections values do not necessarily mean the solutes are transport via 
diffusion but could be rej ected at the membrane surface. 
• With all the possibilities stated, it could be postulated that the potential solute 
transport is pure convection, or a combination of diffusion and convection. 
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Figure 5.19 shows a typical representation of SD model applied to ethanol rejection in 
n-heptane. 
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Figure 5.19 - Ethanol rejection in n-heptane against pressure. Experimental data 
(points) and SD model (lines). 
It is clear that the DjKj values predicted by the model increase with ethanol 
concentrations and show a good correlation (0.931, 0.969 and 0.967 for 10%, 20% and 
30% ethanol respectively) between the model and experimental data despite the high 
correlation values. As depicted in Figures 5.18 and 5.19, it is clear that there is a close 
relationship between both solute and ethanol transport from the DiKi values. There is 
clear evidence that both solute and ethanol are transported via 'solvent-solute coupling' 
where low solute DjKj is low ethanol D;K; and vice versa. The molar volumes used for 
the SD model were found to decrease (1.38xI0"" m3/mol, 1.27xlO"" m3/mol and 
1.19x10"" m3/mol for 10%,20% and 30% ethanol, respectively) with increasing ethanol 
concentration, which is not sufficient to account for the decrease in the solute rejection 
profiles. The applied SD model shows an increase in solvent flux results in decrease in 
solute rejection. It was found that the parameter affecting the profiles is D,K, shown in 
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Equations (5.9) and (5.13) which is inversely proportional to the D;KI values. This 
conclusion can be supported by the rejection-pressure profiles for i-octane/ethanol 
systems that follow similar trends as shown in Appendix 4. 
5.3.4 Spiegler-Kedem (SK) Model 
Figure 5.20 is a typical representation of SK model applied to solute rejection 
experimental data. 
5.3.4.1 Non-polar Systems 
The SK model assumes that both convective and diffusive transport of solute occurs 
through a membrane as fitted by two adjustable parameters, the solute permeance, P" 
and the reflection coefficient, 0; which is also known as the limiting solute rejection 
Typical examples are shown in Figure 5.20 and Table 5.7. Refer to Appendix 4 for all 
correlation details of the SK model and available experimental data. 
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Figure 5.20 - Solute rejection (pyrene. rubrene and iron (Ill) naphthenate in n-heptane: 
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Experimental data (points) and SK model (lines). Results obtained with a radiation 
cross linked membrane. 
Solute 0- Ps 
x 10·\2 (ml/s) 
Pyrene 0.03 0.15 
Rubrene 0.24 0.45 
Iron (Ill) N aphthenate 0.54 6.80 
Table 5. 7 - Reflection coefficient (a) and solute permeance (Ps) values for the SK model 
and data shown in Figure 5.21. 
In general, it was evident that the SK model provides a better correlation (0.969, 0.989 
and 0.911 for pyrene, rubrene and iron (Ill) naphthenate respectively) to the 
experimental data than the SD model. The SK model predicts an increasing solute 
rejection with increasing pressure. As previously discussed in sections 5.3.2.1 and 
5.3.3.1 on the curve of the models applied to solute rejection data, the SK model applied 
to iron (Ill) naphthenate provides a much better fit as compared to PD and SD model.. 
Although iron (Ill) naphthenate is a larger solute compared to rubrene and pyrene, and 
is postulated to penetrate the membrane at a lower degree to result in higher solute 
rejection values, but as the SK model suggests, iron (Ill) naphthenate is transported via 
convection due to the. the applicability of the SK model and plateau shape of the 
rejection curve. 
From Table 5.7, it is clear that the different solutes do have an affect on the reflection 
coefficient (a) and solute permeability (Ps) in the SK model. Ranging from the smallest 
solute, pyrene (0.923 nm), rubrene intermediate (1.348 run) and iron (Ill) naphthenate 
the largest (1. 790 run), both the reflection coefficient increases and solute permeability 
decreases with respect to solute size. The reflection coefficient can be taken as a 
parameter which relates to the amount of convective transport taking place during solute 
transport. Ballet et al. [32] stated that the lower the reflection coefficient, the higher is 
the dominance of convective transport and the higher the solute permeability. With 
168 
Chapter 5 - Modelling 
respect to the calculated solute sizes and predicted membrane pore size (3.45 run in n-
heptane at 8 bar) in various solvents with the SHP model as previously shown in Section 
5.3.1, it is clear that pyrene can sufficiently and easily permeate the membrane, passing 
through the free-volume in the membrane and resulting in a higher fraction of solute in 
the permeate. Although the pore size predicted by the SHP model is larger than the 
largest solute tested, iron (Ill) naphthenate (1.790 run), it is worth noting that the 
structure of iron (Ill) naphthenate resembles a claw-like figure which might have 
potentially aided in the solute rejection. Iron (Ill) naphthenate might probably be 
separated from the parent solvent (n-heptane in Figure 5.20) by both surface rejection 
and depth capture because of its shape. 
It is obvious that the rejection-pressure profiles for both pyrene and iron (Ill) 
naphthenate appeared to be achieving a plateau. This could be because the pyrene is 
transported via convection albeit a small fraction of diffusion and iron (Ill) naphthenate 
via a high rate of diffusion and low rate of convection. Rubrene however is thought to 
be transported at a higher convection and lower diffusion rate to iron (Ill) naphthenate 
due to the slope of rubrene's rejection-pressure profile as shown in Figure 5.20 and as 
evidenced in Table 5.7. Similar findings by Ballet et al. [32, 33] were observed where 
the authors reported that the rejection ofNa2S04 was constant almost reaching a plateau 
while rejection for NaCl and CaCh increases with flux. The sulphate salt rejection is 
mainly due to diffusion while the chloride salts rejections were enhanced by convection 
mechanism as flux increases. 
Although the SK model provides a better fit to the experimental data, it was not 
sufficient to quantify the physical properties of the membrane, solvent and solutes and it 
is difficult to interpret the physical significance of the model parameters. Although it 
was previously stated that the SK model assumed both convective and diffusion terms 
but the reflection coefficient and the solute permeance of the model does not give an 
appropriate ratio to which is convection or diffusion. It could be concluded that with 
increasing pressure, the membrane compacts providing more resistance to solute 
transport. Solute rejection tends to reach a plateau and could be seen that the solutes 
have achieved a steady diffusive flow. However even with a further increase in pressure, 
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the flux does not affect the transport mechanism whereby at lower pressures, solute 
rejections are low and increasing with pressure. 
5.3.4.2 Polar Systems 
The SK model for the polar systems was fitted in the same manner as that used for low-
polarity systems. Solvent flux was found as an important factor affecting the predictive 
values of Ps. Figure 5.21 and Table 5.8 depicts a representation of the modelling work 
for polar systems. The results obtained are believed to be a consequence of ethanol 
concentration which leads to changes in flux and rejection. 
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Figure 5.21 - Solute rejection (9,10 - diphenylanthracene) in n-heptanefor radiation 
crosslinked membranes in 10%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and SK model (lines). 
170 
Ethanol conc. in n-heptane 
(% volume basis) 
10 
20 
30 
u 
0.19 
0.14 
0.03 
Chapter 5 - Modelling 
6.20 
15.4 
15.4 
Table 5.8 - Reflection coefficient (a) and solute permeability (PJ values/or the SK 
model and data shown in Figure 5.22. 
From Figure 5.21 and Table 5.8, it is clear that the SK model applied to the solute 
rejection data for polar systems is better than SD and PD model with correlation 
coefficients of 0.988, 0.944 and 0.936 for 10%, 20% and 30% ethanol concentrations 
respectively. The addition of ethanol into low-polarity systems has a detrimental effect 
on the solute rejection (9,10-diphenylanthracene) where solute rejection decreases with 
increased ethanol concentrations. This can be validated with the reflection coefficient 
predicted by the SK model. As previously discussed in Section 5.3.3.1, it is clear that 
the value of reflection coefficient gets lower with increase ethanol concentration as 
shown in Table 5.12 which infers that convective transport is a more dominant transport 
mechanism at higher ethanol concentrations. 
5.3.5 Convection-Diffusion (CD) Model 
5.3.5.1 Non-polar Systems 
The CD model is based on an assumption that the structure of the membrane is porous 
and transport takes place within the regions of the swollen polymer matrix. Solutes 
which are much smaller than the effective pore size of the membrane will be transported 
through the membrane under convective flow such that no separation will occur. Larger 
solute molecules, those whosesizes are equivalent to the membrane pores will move 
predominantly under a diffusive flow or be rejected completely. A fundamental 
assumption is that the swollen membrane does not possess pores which are all of the 
same size, the regions for transport within the swollen membrane were likely to have a 
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significant size distribution. [14]. The smaller pores of the membrane provide resistance 
to the solutes which might result in diffusion whereby convection flow takes place 
through larger pores. Typical modelling examples are shown in Figure 5.22 and Table 
5.9. 
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Figure 5.22 - Solute rejection in n-heptane: Experimental data (points) and Convection-
Diffusion model (lines). Results obtained with radiation cross linked membrane. 
It can be seen that the CD model correlates very well with the experimental data with 
correlation coefficients of 0.920, 0.981 and 0.890 for iron (Ill) naphthenate, rubrene and 
pyrene respectively, which one would expect given the similarities between this model 
and the SK model. Only one set of values for a and Di are able to produce the curves 
shown in Figure 5.22. The fraction of convective flow determines the limiting solute 
rejection; when the pressure is sufficiently high, the diffusive component of solute 
transport is negligible and hence the solute rejection is equal to (1- a). The model was 
. able to predict a decreasing rejection-pressure profile according to the solute size where 
smaller solutes are transported through the larger pores of the membranes. As predicted 
by the CD model and shown in Table 5.9, a higher fraction of smaller solutes were 
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transported through the membrane where -larger solutes had a lower fraction in the 
permeate. 
Solute Solute size (nm) a Dj (xl 0-1% m2/s) 
Pyrene 0.923 0.90 1000 
Rubrene 1.348 0.78 142 
Iron (Ill) naphthenate 1.790 0.41 2.21 
Table 5.9 - Parameters calculated from CD model from least-squares fitting method for 
radiation cross linked membrane. 
According to the diffusion coefficient of the largest solute in Table 5.9, it can be seen 
that iron (Ill) naphthenate is transported through the membrane via diffusion rather than 
convection due to the huge difference in the diffusion coefficient, Dj, predicted by the 
model. The CD model provides a more comprehensive interpretive tool than the SK 
model due to the quantification of each component of solute transport. A greater 
swelling solvent expands the membrane structure such that more convective solute 
transport occurs (hence increasing a), which also results in a higher diffusion coefficient 
since the transport regions within the membrane are less-confined than with a poorer-
swelling solvent. 
The model suggests that large solutes will be rejected by size-exclusion, or will 
transport slowly via diffusive flow. In either case, the measured solute rejection is 
expected to be very high with the fraction of solute undergoing viscous flow '" O. 
Similarly, small solutes will be expected to transport via convective flow with the 
solvent and hence undergo very little or no separation, with a '" I. It has been shown in 
Table 5.9 that a and Dj appear to be dependent on the size and structure of the solute 
molecule. It is worth noting that of all the non-polar solvents used, n-heptane was able 
to swell the membrane to its highest extent, which resulted in an equivalent pore size in 
the range of 3.8-6.5 nm as predicted by the Pore Model in Section 5.3.4.1. Although the 
CD model suggested that iron (Ill) naphthenate is diffused through the membrane to a 
significant extent but with all the data showing that there was a huge pore size 
distribution as predicted by the SHP model; it could be concluded that solute transport 
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is a combination of both convection and diffusion. Another factor which might 
potentially affect the solute transport mechanism is membrane compaction under the 
applied pressure. Table 5.10 shows a representative of modelling with the assumption of 
various membrane thicknesses under applied pressure. 
Pressure PDMS thickness in n-heptane a D/ Correlation 
(bar) under applied pressure (/lm) (xlO·1Om2/s) coefficient 
2 2.0 0.69 2.06 0.981 
3 1.8 0.64 2.06 0.977 
4 1.6 0.62 1.89 0.976 
5 1.5 0.63 1.74 0.977 
6 1.4 0.62 1.68 0.976 
7 1.3 0.63 1.53 0.977 
8 1.2 0.63 1.37 0.977 
Table 5.10 - Predicted a and Dj values. and correlation coefficient obtained from 
various PDMS thickness in n-heptane under applied pressure for CD model. 
From Table 5.10, it is clear that at lower pressures, the diffusive component is relatively 
more dominant and results in the relatively steep slopes observed at pressure of 2-3 bar. 
The convection term, a, in the model also shows that the fraction of solutes permeating 
the membrane is relatively constant at higher pressures (4-8 bar) with Dj decreasing 
with increased pressure. This infers that convective component is relatively more 
dominant at higher pressures due to the driving force for convection is pressure-driven 
whereas diffusion is concentration gradient. 
5.3.5.2 Polar Systems 
From Figures 5.23 and 5.24. and Table 5.11, it is clear that the CD model fitted the 
experimental data for both solute and ethanol rejection quite well. 
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Figure 5.23 - Solute rejection (9,10 - diphenylanthracene) in n-heptane for a radiation 
cross linked membranes at 10%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and CD model (lines). 
Ethanol conc. in n- a D/ Correlation 
heptane (% volume basis) x 10.12 (m2/s) coefficient 
10% 0.74 79.5 0.951 
20% 0.81 119 0.955 
30% 0.97 521 0.884 
Table 5.11 - Parameters calculatedfrom CD model from least-squares jitting method. 
From Figure 5.23, it is clear that solute (9,10-diphenylanthracene) rejection decreases 
with an increased ethanol concentration. According to the correlation coefficients 
obtained from the CD model in Table 5.11, the CD model correlates the rejection data 
quite well. With a high fraction, a, of solutes permeating the membrane, it is postulated 
that solute transport is convective with 30% ethanol concentration in n-heptane. 
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Figure 5.24 - Ethanol rejection for radiation cross linked membrane in n-heptane at 
10%, 20% and 30% ethanol concentrations. Experimental data (points) and CD model 
(lines). 
From Table 5.12, it can be seen that with an increase in ethanol concentrations results in 
a decrease in solute rejection. The parameters predicted using the CD model. a, which 
denoted the fraction of solutes being transported convectively showed that with more 
solutes were being transported at a higher rate of diffusion. Looking at the calculated 
values of diffusion coefficient, it could be interpreted that solute transport is of 
convective flow. 
Solute Rejection Ethanol Rejection 
Ethanol Cone. (%) asolute D (10.12 2{) i, solute m s aethanol D (10-12 2{) I, ethanol m s 
0 0.70 145 
10 0.74 79.5 0.77 84.6 
20 0.81 119 0.44 114 
30 0.98 521 0.45 54.5 
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Table 5.12 - Parameters used in CD model for solute (9.10 - diphenylanthracene) and 
ethanol rejection in polar systems. 
A direct correlation can be made based on the data extrapolated (i.e. outside the dataset). 
An increase in ethanol concentrations resulted in a decrease in solute rejection and an 
increase in ethanol rejection. According to the data in Figure 4.18, it was suggested that 
solutes tend to partition more toward the non-polar phase of a polarllow-polarity solvent 
mixture. Although the low-polarity solvents and solutes used are of non-polar; however, 
as the low-polarity solvents swelled the membrane, the solvent-solute were transported 
through the membrane selectively due to the non-polar nature of the solvent. As more 
ethanol was introduced to the mixture systematically eventually resulted in higher 
polarity of the mixture which would result in low or no ethanol flux. However, this 
conclusion cannot be rationalised with the experimental results shoWn in Section 4.2.1.2. 
Data shown in tat section suggested that the ethanol were transported through the 
membrane selectively whereby the CD model was able to predict fractions of ethanol 
being transported through the membrane. 
5.3.6. Pore-Flow Model 
5.3.6.1 Non-polar Systems 
In the pore-flow (PF) model, it is assumed that the solute velocity in a pore is fully 
developed and has a parabolic profile of the Hagen-Poiseuille type [25]. The fitting 
parameter is Ai as shown in Section 5.2.6. Figure 5.25 shows the pore model fitted to 
typical experimental data and Table 5.13 provides calculated values obtained from the 
modelling. 
As noted with the previous models used, the pore-flow model predicts increasing solute 
rejection with increasing pressure. Table 5.13 shows that the model predicts different 
pore sizes for different solutes even though only one solvent was used. According to the 
work presented in Section 4.4.1, the parameters affecting the change in pore size are 
pressure, solvent type and degrees of crosslinking. However, it could be interpreted that 
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the pore model assumes on average pore size in a membrane when immersed in solvents 
(n-heptane in this case would be in the range of 3.8-6.5 nm). Although no direct 
literature has proven that the 'pores' in NF PDMS membranes are ofunifonn pore size 
distribution or porous or that they even have pores, the pore model was able to predict 
the equivalent pore size distributions of a membrane when immersed in a suitable 
solvent. 
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Figure 5.25 - Solute rejection in n-heptane: Experimental data (points) and PF model 
(lines). Results obtained with radiation cross linked membrane. 
Solute dj.s dp 1('d 
'. 
Ki,c )./ Correlation 
(nm) (nm) (-) (-) (-) coefficien t 
Pyrene 0.923 6.15 0.682 1.261 0.15 0.833 
Rubrene 1.348 4.25 0.451 1.406 0.28 0.977 
Iron (Ill) naphthenate 1.790 3.65 0.176 1.463 0.49 0.917 
Table 5.13 - Calculated values for predictive modelling for PF model. 
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According to Table 5.13, it can be seen that an increase in solute size results in an 
increase in the convective hindrance factor (Kt, c) and a decrease in the diffusive 
hindrance factors (K;,d) for pyrene, rubrene and iron (III) naphthenate respectively, A 
low value of convective hindrance factor can be interpreted as convection dominant 
solute transport whereas diffusive transport is more dominant when the diffusive 
hindrance factor is low. If it is assumed that the membrane has uniform cylindrical 
pores, the solute - pore wall interaction increases with an increase in solute size which 
results in a higher convective hindrance factor, Larger solutes are prone to diffuse 
through the polymer chains rather than transport by convection due to their size and 
perhaps shape, whereas smaller solutes will tend to have less interaction with the pore 
wall and transport through the membrane via convection. 
As previously discussed in Chapter 4, the smallest solutes are believed to permeate the 
membrane via convection. The PF model is able to predict the pore size of the 
membrane which the solutes effectively pass through. It could be interpreted that the PF 
model predicts a distribution of pore sizes in the membrane ranging from 3.65-6.15 nm. 
Interestingly, the pore sizes predicted by the model are not similar despite the 
membrane being immersed in the same solvent (n-heptane). A range of pore sizes is 
predicted instead. It is postulated that other than membrane crosslinking, using different 
solvents will alter the membrane thickness resulting in smaller or larger transport 
regions. Representative applications of the PF model to solute rejection in various low-
polarity solvents is shown in Figure 5.26 and Table 5.14. 
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Figure 5.26 - Solute rejection (rubrene) from n-heptane, i-octane and xylene solvents: 
Experimental data (points) and PF model (lines). Results obtained with a radiation 
cross linked membrane. 
Solute d;,s dp Kj,d K;.c Aj Correlation 
(nm) (nm) (-) (-) (-) coefficient 
n-heptane 1.348 4.25 0.451 1.406 0.28 0.977 
i-octane 1.348 3.00 0.219 1.467 0.45 0.996 
xylene 1.348 2.25 0.008 1.420 0.49 0.951 
Table 5.14 - Calculated values for predictive modelling for PF model. 
From Figure 5.26, it is clear that the PF model correlates the solute rejection data for n-
heptane, i-octane and xylene relatively well with correlation coefficients of 0.977, 0.996 
and 0.951 respectively. As compared to the obtained pore size, dp, shown in Table 5.13 
and 5.14, it is clear that the pore sizes predicted from the PF model is different As 
previously discussed, other than membrane crosslinking, the other factor that affects 
membrane swelling is solvent type. From Table 5.14, it is difficult to understand why 
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the model predicted a set of pore sizes even when the membrane is immersed in only 
one solvent (n-heptane). Solvent type is shown to affect membrane swelling (as shown 
in Chapter 4) which results in various unique rejection-pressure profiles. Tighter 
polymer chains (smal1er transport regions with poor swelling solvent) will reject more 
solutes due to the high restrictions and high hindrance factors whereas looser polymer 
chains (larger transport regions with good swelling solvent) will allow more solutes to 
be transported. As predicted by the PF model, the membrane shows the largest pore size 
(4.25 urn) in n-heptane (a good swelling solvent), intermediate (3.00 urn) in i-octane and 
smallest (2.25 urn) in xylene (poor swelling solvent). 
It is postulated that the PF model only correlates well with solute rejection data due to 
the model assuming there are 'pores' in the membrane and solutes are transported via 
convection. One would intuitively expect the pure-diffusion (PD) and solution-diffusion 
(SD) model would be able to correlate better with higher solute rejection data compared 
to the PF model. Interestingly, only the spiegler-kedem (SK) and convection-diffusion 
(CD) model are found to show a good fit of the models to higher solute rejection data 
(solute rejection in xylene). This could be due to the reason that the PF, PD, and SD 
model are one fitting parameter models whereas the SK and CD model have two. 
5.3.6.2. Polar Systems 
This section will discuss the influence of polarity on solute rejection (9,10-
diphenylanthracene) and the applicability of the PF model to solute rejection data in 
polar systems. A representation of work is shown in Figure 5.27 and Table 5.15. 
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Figure 5.27 - Solute rejection (9,IO-diphenylanthracene) in n-heptanefor radiation 
cross linked membranes in 10%, 20%. and 30% ethanol concentrations. Experimental 
data (points) and PF model (lines). 
It is evident that the pore-flow model fits quite well to the experimental data obtained 
for polar systems, however, with the calculated increasing pore size, dp , , it can be seen 
that the model was not able to account for the polarity of the mixtures with increasing 
ethanol concentration. As previously shown in Section 5.2.6, the pore-flow model does 
not consider polarity for estimates of solute rejection and the two parameters that affect 
the predictions are Peclet number, Pj.e, and solute diffusivity in the bulk solution, Dj.",. 
According to Equation (5.29) Pj,., and Equation (5.30), Dj."" it is clear that the solute 
rejection curves predicted by the PF model assumes solute-solvent coupling due to the 
existing solvent flux term, Jv in Equation (5.25). It is postulated with increase in solvent 
flux term, the solute rejection prediction decreases due to coupling-flow. It was also 
found that the solute diffusivity decreases due to the increase in solvent viscosity where 
it is postulated that the rate of solute transport and diffusivity is lower in a more viscous 
solvent. However, with the solvent flux and solute rejection data obtained, it is clear that 
the main transport mechanism for the PF model is solute-solvent coupling. 
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According to membrane swelling measurements in Chapter 2, it was found that the 
swelling of the membrane decreases with increasing ethanol concentration, however on 
the contrary, the dp value predicted by the pore-flow model suggested otherwise as 
shown in Table 5.15. 
Ethanol concentration (%) dp Ki,d K/,c )./ Correlation 
(nm) (-) (-) (-) coefficient 
10 4.00 0.360 1.441 0.34 0.911 
20 4.39 0.404 1.425 0.31 0.977 
30 1.94 0.845 1.134 0.07 0.874 
Table 5.15 - Calculated values/or predictive modelling/or pore model/or polar 
systems. 
A good correlation is obtained with the results with the membrane is shown in Table 
5.15, which infers solute permeation maybe predominant due to solvent fluxes which is 
a result from solute-solvent "coupling-flow". According to the K;,d and K;.c values shown 
in Table 5.15, it is clear that solute transport in 10% ethanol concentration is more 
towards diffusive due to its lower diffusive and higher convection hindrance values 
whereas more towards convection in 30% ethanol concentration. Due to the low 
convective hindrance factor in 30% ethanol concentration and the solute transport tends 
to fall into convection category, one would intuitively expect the PF model able to 
correlate the solute rejection data relatively well. However, this is not the case. It can be 
postulated that the PF model does not take polarity into account for tertiary systems and 
hence result in a relatively poor correlation. 
Interestingly, solute rejection data shown in Figure 5.27 decreases with increasing 
ethanol concentration. As previously discussed in Chapter 3, lower solute rejection can 
be obtained by using a better swelling solvent (n-heptane) or alternatively a lower 
crosslinked membrane. A better swelling solvent swells the membrane, expanding the 
free-volume in between the polymer chains resulting in a larger transport region where 
solutes can be transported easier. However, with membrane swelling data shown in 
Figure 2.14, it is clear that membrane swelling decreases (3.4 /lm, 3.2 /lm and 3.0 /lm 
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in 10%, 20% and 30% ethanol concentration respectively) with increase ethanol 
concentration. It is postulated that a lower membrane swelling tightens the free-volume 
in the polymer chains restricting solutes from permeating the membrane. Interestingly, 
the predicted dp values shown in Table 5.15 correlates well with the membrane swelling 
measurements in ethanol stating lower membrane swelling with increase ethanol 
concentration resulting in smaller pore sizes. Although it was previously stated that 
smaller pore size restricts the solute transport but in which case shown in Figure 5.27, 
solute rejection is found to decrease with increase ethanol concentration in correlation to 
the lower membrane swelling. From these observations, it could be deduced that the 
solutes are transported via 'solute-solvent coupling'. 
5.4 Conclusions 
The solute rejection data obtained with both radiation and thermal crosslinked 
membranes have been fitted using several transport models. The Spiegler-Kedem (SK), 
Pore-Flow (PF) and Convection-Diffusion (CD) model are found to correlate the 
experimental data better than Solution-Diffusion (SD) and Pure Diffusion (PD) model. 
Both the SD and PD models appear to correlate solute rejection data for the thermal 
crosslinked membrane better for the non-polar systems as these membranes have a 
higher degree of crosslinking. It is shown that diffusive solute transport is more 
dominant for membranes with a high degree of crosslinking; as degree of crosslinking 
was reduced, convective transport becomes more dominant. For non-polar systems, it 
can be postulated that small solutes permeate the membrane with a higher degree of 
convection and lower degree of diffusion, and vice versa for a larger solute. This 
suggests that the membrane 'pores' are much larger than of the solutes tested. Hence, it 
can be concluded that the membrane swells to an extent which the larger solutes can 
permeate the membrane via both convection and diffusion. From the results and 
observations, it can be concluded that diffusive transport is dominant when a thermal 
(high) crosslinked membrane is used and a combination of convective and diffusive 
transport for radiation (low) crosslinked membrane. 
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For polar systems, the swelling of the membrane with increasing ethanol concentration 
is not able to quantify the bell-shape curve of the solute and ethanol rejection data. With 
the addition of ethanol and with decreasing membrane swelling, it can be concluded that 
the pores of the membrane are getting smaller and the transport mechanism then shifts 
from convection for pure non-polar solvents to diffusion for polar solvents. However, 
this is not the case. Both SD and PD model are found not to correlate well with the data 
and interestingly, the SK, CD and PF model are able to correlate the rejection data 
relatively well. This suggests even with the addition of a1cohols, both convective and 
diffusive mechanisms are present to whichever is more dominant. From these 
conclusions, it can be deduced that despite Iow membrane swelling, the convective 
models predict 'solvent-solute coupling' might be a potential transport mechanism. 
From the conclusions above, it can be deduced that the solute transport through the 
radiation crosslinked membrane is convection due to the reason that the PD and SD 
model is not able to provide a good fit to the high plateau solute rejection data. Both the 
PD and SD models are found to provide a better correlate to the rejection data obtained 
with the thermal crosslinked membrane. All 3 convection transport models (SK, CD and 
PF models are exhibited to provide a good fit to all rejection data. Hence, it can be 
concluded that the solute transport through the radiation crosslinked membrane is 
mainly governed by convection whereby the thermal crosslinked membrane is mainly 
diffusion. 
5.5 Nomenclature 
a 
C 
CF 
Cp 
ds m 
D m% 
D"" m
2/s 
F 
185 
Fraction of solute undergoing viscous flow 
Average concentration of solute within membrane 
Feed concentration 
Permeate concentration 
solute diameter 
Diffusion coefficient 
Diffusivity in dilute bulk solution 
Vanishing volume flow 
HF 
J mls 
k m2/s.bar 
K 
Kd 
Kc 
L m 
f:.P bar 
P bar 
Pe 
Po bar 
Ps m2/s 
r m 
r, m 
rp m 
R 
RG m3.bar/mol.K 
SF 
T K 
t s 
Tg QC 
V I 
x m 
Greek Letters 
a MPa°.5 
(J 
y 
'1 
f1. Pa.s 
p kg/m3 
v m
3/mol 
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Wan correction parameter 
Component flux 
Permeability coefficient 
Partition coefficient (SO model) 
Diffusion hindrance factor 
Convective hindrance factor 
Membrane thickness 
Transmembrane pressure 
Equilibrium pressure 
Peclets number 
Saturation pressure 
Solute permeance 
Average pore radius 
Solute radius 
Pore radius 
Solute rejection 
Universal Gas constant 
Steric hindrance parameter 
Temperature 
Permeation time 
Glass transition temperature 
Permeate volume 
Membrane thickness 
Solubility parameter 
Reflection coefficient 
Activity coefficient 
Solute size to pore size ratio (SHP model) 
Viscosity 
Density 
Molar volume 
A 
o 
Porosity 
Tortuosity 
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Solute to pore radii ratio (Pore model) 
Partition coefficient 
Subscripts 
i 
f 
k 
S 
Species i or solute 
Feed (Pore model) 
Kelvin 
Solvent 
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Conclusions 
This ,chapter highlights the main findings identified in preceding chapters. 
It has been demonstrated that NF membrane technology is a viable means of separation 
of organic solutes from organic solvents. The solvent flux through the membrane for 
non-polar systems is governed by several dominating factors including trans-membrane 
pressure, the degree of solvent-induced membrane swelling and solvent type (solubility 
parameter). High fluxes can be obtained when the degree of swelling is high such as 
when the solubility parameter of a solvent and membrane are similar. An improvement 
in flux for a given solvent, typically at the expsnse of lower solute rejection, can be 
obtained in several ways: 
1. Increasing trans-membrane pressure 
2. Use a membrane oflow degree of crosslinking 
3. Use a compatible solvent-membrane solvent «(5solvent - (5membrone; depending on 
the requirement of the process). 
The rejection oflow-polarity solute compounds in low-polarity systems was found to be 
governed predominantly by a size-exclusion mechanism. A PDMS membrane was 
found to swell in the presence of solvents to exhibit the characteristics of a porous 
material where solute is transported through the membrane via both convection and 
diffusion mechanisms as predicted by the models used to interpret the underlying solute 
transport mechanisms. Solute transport through a more crosslinked membrane was 
found to be biased towards diffusion rather than convection (as shown 'in Section 5.3.3) 
due to its tightly bonded and highly crosslinked polymer chains which restricted 
membrane swelling. It is thought that solute transport took place in between the 
confined regions of the polymer chains of the PDMS material where the effective size 
of these regions was determined by the degree of solvent-induced swelling. A good 
swelling solvent (e.g. n-heptane) yields larger regions which results in low solute 
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rejection whereas a poor swelling solvent ( e.g. xylene) yields smaller regions leading to 
high solute rejections. 
The degree of membrane swelling is largely determined by solubility parameter (,») 
where it provides as an indicator of solvent-membrane interactions and polymer 
composition. The radiation and thermal crosslinked PDMS membrane has a solubility 
parameter of ,)=15.3 MPa°.s and n-heptane with solubility parameter of ,)=15.5 MPao.s. 
With such close interactions, it can be concluded that n-heptane is a better solvent for 
PDMS compared to xylene, ,)=18.2 MPao.s. n-heptane being such a good swelling 
solvent is able to swell the membrane to the greatest extent compared to xylene and i-
octane (as previously discussed in Chapter 2), hence it is believed that the swollen 
membrane exhibits a pore like structure. The SHP model showed that the average 
effective pore diameter of a PDMS membrane is the largest when immersed in n-
heptane and smallest in xylene. Although the thermal crosslinked membrane has a 
thinner separation layer compared to the radiation crosslinked membrane, least it must 
be noted that the thermal crosslinked membrane was treated with a different and 
somewhat higher dosage of crosslinking which results in tighter polymer chains and the 
properties of the thermal cross linked membrane might differ to the radiation crosslinked 
membrane. 
Solutes that are much smaller than the membrane 'pores' showed very low or no 
separation. It is postulated that the transport mechanism for small solutes are purely 
convective or solvent-solute coupling occurs. Intermediate sized solutes exhibit higher 
rejection profiles compared to n-heptane where both convection and diffusion are 
expected to occur simultaneously (depending on which transport mechanism is 
predominant). Solutes larger than the effective pore size are rejected completely (90% 
rejection) where these results are sufficient to quantify that the solute rejection in low-
polarity systems are size-exclusion. 
The improvements in the solute rejection of low-polarity solutes can be obtained in 
several ways including: 
1. Increase operating pressure (up to a threshold maximum level) 
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2. Use a membrane with higher degree of crosslinking 
Regarding the improvement methods mentioned above, there is no doubt that these 
parameters will be beneficial to solute rejections but in order to achieve a higher flux 
and higher solute rejection at the same time then higher applied pressures can be 
beneficial. It is postulated that membrane swells with the presence of solvents, however, 
by applying pressure on the membrane, it compacts the membrane and tightens up the 
free-volume in between the polymer chains restricting solute transport which would 
result in higher solute rejections. It is suspected that, under applied pressures, the 
diffusive element of the transport mechanism becomes more predominant and may 
increase the range of solute compound which may be separated. 
For polar substances such as ethanol, it is shown that both the solute and alcohol 
rejection are detrimented due to the effect of polar solvent. It could be concluded that 
the addition of ethanol is not favourable in certain filtration process where at higher 
ethanol concentrations, low solvent flux, low solute and alcohol rejections are shown. 
The separation mechanism with respect to membrane swelling is unlikely for the polar 
systems. Reason being; an increase in ethanol concentrations exhibited a decrease in 
membrane swelling measurements. One would intuitively expect with a decrease in 
membrane swelling, the pore size of the membranes will eventually get smaller; 
however, this was not the case. If based on the assumptions made similarly for low-
polarity systems, then low membrane swelling should result in low solvent flux and 
high solute rejection. 
The transport mechanisms for two different types of membrane tested can be 
categorised as solute transport through the 1) radiation crosslinked membrane is mainly 
governed via convection and 2) thermal crosslinked membrane is mainly governed via 
diffusion. Although the two transport mechanisms are shown to be governed by the two 
membranes tested, but it is worth noting that both diffusion and convection transport 
can occur at the same time albeit a small extent. 
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Suggestions for further work 
The research has identified several areas in which further work could be performed. 
Further work could be concentrated on investigating the potential affecting parameters 
to solvent flux and solute rejection for low-polarity systems such as; temperature, which 
could be beneficial. It is somehow interesting to also investigate the cluster formations 
of alcohols in PDMS membranes to further develop a deeper understanding on the true 
parameters which affect the membrane swelling, solvent and solute transport. There are 
plenty of transport models (e.g. Solution-Diffusion with Imperfection, etc) available in 
open literature, in which case, most transport models fit the experimental data obtained 
but not able to quantify the solvent and solute transport thoroughly. Further work could 
be concentrated on enhancing the readily available transport models not only in terms of 
their predictive ability but also the amount of empirical data. 
The transport and separation mechanisms identified in this study allowed the technology 
to be applied to a wide range of organic solvent nanofiltration applications. Overall, the 
potential of distillation has already been discussed, whereby it could be concluded that 
PDMS membranes have potential applications in all processes involving organic 
solvents and solutes. 
Further work is that in-house membranes of various thicknesses with a ranged degree of 
crosslinkings could be developed for the use of filtration experiments to identify the 
potential high flux and high solute rejection membranes. It is desirable if high flux can 
be compensated with a thinner membrane with higher separation efficiencies with 
nolless membrane swelling. Doping (e.g. zeolites) the membrane would be of an idea. 
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AI.I Physical properties and analytical detection methods for solute 
compounds 
This section details the structures and physical properties of the 9 compounds used to 
study solute rejection. All solutes were detected using UV -vis spectroscopy. The 
spectroscopy data shown is that of the solute absorbance at various wavelengths, and the 
absorbance-concentration profile at the specific wavelength at which the solute was 
detected. In all cases, the absorbance-concentration profiles were linear. 
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1. Ferrocene 
Molecular Fonnula- CIOHIOFe 
Molecular Weight - 186 glmol 
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Figure AI.I - Absorbance-wavelength characteristic for 86 ppm Ferrocene in n-
heptane. 
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Figure AI.2 -Absorbance-concentration profile for Ferrocene in at 442 nm. 
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2. Pyrene 
Molecular Fonnula - C16HlO 
Molecular Weight - 202 glmol 
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Figure AI.3 -Absorbance-wavelength characteristic for 51 ppm Pyrene in n-heptane. 
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Figure Al. 4 - Absorbance-concentration profile for Pyrene at 300 nm. 
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3. Coronene 
Molecular Formula - C42H12 
Molecular Weight - 300 glmol 
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Figure Al.5 -Absorbance-wavelength characteristic for 27 ppm Coronene in n-heptane. 
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Figure Al. 6 - Absorbance-concentration profile for Coronene at 350nm. 
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4. 9,1 O-diphenylanthracene 
Molecular Fonnula - C26H18 
Molecular Weight - 330 glmol 
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Figure Al. 7 - Absorbance-wavelength characteristic for 14 ppm 9,10-
diphenylanthracene in n-heptane. 
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Figure AI.8 - Absorbance-concentration profile for Coronene at 350nm. 
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5. Tetraphenylethylene 
Molecular Formula - C26H20 
Molecular Weight - 332 glmol 
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Figure Al. 9 - Absorbance-wavelength characteristic for 21 ppm Tetraphenylethylene in 
n-heptane. 
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Figure A 1.1 0 - Absorbance-concentration profile for Tetraphenylethylene at 315 nm. 
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6. Iron (III) acetylacetonate 
Molecular Formula - CIsH21Fe06 
Molecular Weight - 353 glmol 
E 
~ 
1lI 
I 
2.0,..----------------------------, 
1.5 
0.5 
o.o~-~~----~----~----~-----._--J 
260 280 300 320 340 
Wavelength (nm) 
Figure A 1.11 - Absorbance-wavelengh characteristic for 20 ppm iron (lII) 
acetylacetonate in n-heptane. 
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Figure A 1.12 - Absorbance-concentration profile for iron (Ill) acetylacetonate at 300 
nm. 
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7. Iron (III) napthenate 
Molecular Fonnula -:- CmHn06Fe 
Average Molecular Weight - 373 glmol 
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Figure AI.I3 - Absorbance-wavelength characteristic for 13 ppm iron (Ill) napthenate 
in n-heptane. 
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Figure AI.I4 - Absorbance-concentration profile Iron (Ill) Napthenate at 250 nm. 
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8. Rubrene 
Molecular Fonnula - C42H28 
Molecular Weight - 532 glmol 
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Figure AI.I5 - Absorbance-wavelength characteristic for 21 ppm Rubrene in n-heptane. 
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Figure AI.I6 -Absorbance-concentration profile for Rubrene at 529 nm. 
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9. Copper (II) napthenate 
Molecular Formula - CrnHn04Cu 
Average Molecular Weight - 611 glmol 
1.2 
1.0 
0.8 
J 0.6 -
0.4 
0.2 
0.0 
220 240 260 280 300 
Wavelength (nm) 
320 340 
Figure AI.I7 - Absorbance-wavelength characteristic for 35 ppm iron (Ill) napthenate 
in n-heptane. 
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Figure AI.IS - Absorbance-concentration profile Copper (11) Napthenate at 275nm. 
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A1.2 Nitrogen permeation 
This section details nitrogen permeation results for selected PDMS membrane samples 
as shown in Figure Al. 19-1.21 and tabulated data along with remarks in Table A1.1. A 
minimum of 3 tests were performed for each membrane sample. 
5.-------------------------------------------------~ 
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Pressure (bar) 
Figure A 1.19 - Nitrogen permeation for membrane sample 5. 
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8,-----------------------------------------------~ 
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Figure Al.20 - Nitrogen permeation for membrane sample 6. 
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Figure A 1.21 - Nitrogen permeation for membrane sample 10. 
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Classification of PDMS membranes used: 
Membrane Cross linking Thickness of Average nitrogen Remarks 
sample PDMS layer (pm) permeance (barrer) 
Sample 5 Radiation 2 2657 Old membrane 
Sample 6 Radiation 2 4585 Old membrane 
Sample 10 Radiation 2 644 New membrane 
Table AI.I - Nitrogen permeance calculated from data obtained for membrane samples. 
Supplied nitrogen permeance data by GKSS (supplier) for their PDMS membranes is 
280 barrer, however, measured data suggest that the PDMS layer of the membrane has 
been damaged. Although no visible damage was evident to the naked eye, it could be 
postulated that the large nitrogen permeance values measured are poor indications of 
membrane integrity. However, these membrane samples were used to perform the 
solvent flux and solute rejection studies. The results obtained for solute rejection (9,10-
diphenylanthracene in n-heptane and xylene) compare well with previous studies using 
the same type of membrane. 
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Al.3 PDMS membrane swelling measurements 
This section shows additional transient swelling measurements of radiation and thermal 
crosslinked PDMS membranes from Chapter 2. Of note, results shown in Figure AI.22-
AI.31 were obtained with swelling apparatus set to static mode. 
A1.3.1 Transient swelling measurements of radiation crosslinked membrane 
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Figure AI.22 - Swelling of2 pm radiation crosslinked PDMS/PAN membrane in n-
heptane with time (static mode). 
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Figure Al.23 - Swelling of 2 p.m radiation crosslinked PDMS/PAN membrane in i-
octane with time (static mode). 
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Figure Al.24 - Swelling of2 p.m radiation crosslinked PDMS/PAN membrane in xylene 
with time (static mode). 
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Figure AI.25 - Swelling of2 pm radiation crosslinked PDMS/PAN membrane in 
cyclohexane with time (static mode). 
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Figure AI.26 - Swelling of2 pm radiation crosslinked PDMS/PAN membrane in i-
propanol with time (static mode). 
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Figure Al.27 - Swelling of2 p.m radiation crosslinked PDMS/PAN membrane in 
ethanol with time (static mode). 
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A1.3.2 Transient swelling measurements of thermal crosslinked membrane 
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Figure A1.28 - Swelling of 1.5 J1.m thermal crosslinked PDMS/PAN membrane in n-
heptane with time (static mode). 
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Figure A1.29 - Swelling of 1.5 J1.m thermal crosslinked PDMS/PAN membrane in i-
octane with time (static mode). 
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Figure AI.30 - Swelling of 1.5 pm thermal cross linked PDMS/PAN membrane in xylene 
with time (static mode). 
0.6 
0.5 0. 0. 
~ 0.4 0 e "'0 0 
S 
1 0.3 0 e "'- • • ! 0.2 ctlre • e Run 1 0 Run 2 
... Run 3 
'" 
Run 4 
0.1 ~ • Run 5 0 Run 6 
0.0 
0 10 20 30 40 50 60 70 
Time (5) 
Figure AI.31 - Swelling of 1.5 pm thermal crosslinked PDMS/PAN membrane in i-
propanol with time (static mode). 
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A1.3.2 Membrane swelling under applied pressure 
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Figure AI.32 - Swelling of 2 pm radiation cross linked PDMS/PAN membrane in n-
heptane under applied pressure (dynamic mode). 
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Figure AI.33 - Swelling of 2 pm radiation cross linked PDMS/PAN membrane in i-
octane under applied pressure (dynamic mode). 
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Figure A1.34 - Swelling of 1.5 p.m thermal crosslinked PDMS/PAN membrane in n-
heptane under applied pressure (dynamic mode). 
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Figure A1.35 - Swelling of 1.5 p.m thermal crosslinked PDMS/PAN membrane in i-
octane under applied pressure (dynamic mode). 
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Figure A1.36 - Swelling of 1.5 J.lm thermal crosslinked PDMS/PAN membrane in xylene 
under applied pressure (dynamic mode). 
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Figure A 1.3 7 - Average swelling of 2 J.lm radiation cross linked PDMS/P AN membrane 
under applied pressure (dynamic mode). 
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Figure AI.38 - Average swelling of 1.5 pm thermal cross linked PDMS/PAN membrane 
under applied pressure (dynamic mode). 
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A2.1 Solvent flux 
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Figure A2.1 - Repeated flux-pressure experiments for n-heptane with a 2 p.m radiation 
cross linked composite PDMS/PAN membrane. 
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Figure A2. 2 - Flux-pressure relationship for n-heptane with three PDMS/P AN 
membrane samples. Fluxes obtained based on 9 runs. 
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Figure A2.3 - Flux-pressure relationship for radiation cross linked membrane with 
three solvents. 
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Figure A2.4 - Flux-pressure relationship for n-heptane for two PDMSIPAN composite 
membranes. 
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Figure A2.5 - Solventflux interpretation using Hagen-Poiseuille equation. 
A2.2 Solute rejection (size exclusion curve) 
Solute name Calculated from Calculated from Calculated from 
resolving bond lengths ChemDraw (2D) ChemDraw (3D) 
Ferrocene 0.538 0.556 0.538 
Pyrene 0.771 0.940 0.923 
Coronene 0.968 0.962 0.928 
9, I O-diphenylanthracene 0.968 1.258 1.362 
Tetraphenylethylene 0.995 1.153 1.166 
Iron (IlI) acetylacetonate 1.291 1.218 1.144 
Iron (IlI) naphthenate 1.818 1.529 1.790 
Rubrene 1.274 1.368 1.348 
Copper (11) naphthenate 3.516 - 1.881 
Table A2.1 - Comparison of calculated maximum solute sizes. 
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Figure A2. 6 - Solute rejection at 8 bar plotted against maximum solute size (bond 
lengths). Data obtained with radiation cross linked membrane. 
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Figure A2. 7 - Solute rejection at 8 bar plotted against minimum solute size (bond 
lengths). Data obtained with radiation cross linked membrane. 
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Figure A2. 8 - Solute rejection at 8 bar in n-heptane plotted against maximum solute size 
(bond lengths). Data obtained with thermal and radiation cross linked membrane. 
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Figure A2. 9 - Solute rejection at 8 bar in n-heptane plotted against minimum solute size 
(bond length). Data obtained with thermal and radiation cross linked membrane. 
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Solute Dimension Solute Rej ection 
Solute MW Maximum Sanple 6 Sample 10 Thermal 
g/mol om n-heptane n-heptane i-octane xylene n-heptane 
Ferrocene 186 0.538 0.020 0 0 
Pyrene 202 0.923 0.020 0 0.060 
Coronene 300 0.928 0.060 0.090 0.350 0.073 
9, I O-diphenylanthracene 330 1.362 0.160 0.185 0.510 0.34 
Tetraphenylethylene 332 1.166 0.102 0.143 0.260 0.237 
Iron (Ill) acetylacetonate 353 1.144 0.189 0.560 0.580 0.283 
Iron (Ill) napthenate 373 1.790 0.549 0.771 0.981 
Rubrene 532 1.348 0.156 0.160 0.397 0.670 0.577 
Copper (11) napthenate 611 1.881 0.763 
Table A2.2 - Summary of solute rejection in various solvents and with different 
membranes. 
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A3.1 Refractive index analytical technique 
The refractive index (RI) technique of a binary solvent mixture can be used to detennine 
the concentration of each component in that mixture. It was found that UV-vis is not 
able to detect alcohol concentrations in low-polarity solvents (n-heptane, i-octane and 
xylene) other than of dilution. Calibration tests were performed to assess the suitability 
of the RI method to detennine alcohol/solvent concentration for a range of mixtures. 
Experiments were perfonned using a refractometer (Bellingharn and Stanley Ltd) at a 
temperature of 20°C as maintained using a water bath. The results are shown in Figure 
A3.i-A3.3. 
In all cases, the refractometer used gave RI values that were accurate to within highest 
standard deviation of 0.001 (based on repeat measurements of different samples). 
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Figure A3.i - Refractive index plotted against ethanol concentration for ethanolln-
heptane mixture. 
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Figure A3. 2 - Refractive index plotted against ethanol concentration for ethanol/i-
octane mixture. 
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Figure A3. 3 - Refractive index plotted against ethanol concentration for ethanol/xylene 
mixture. 
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A3.2 Flux-pressure relationships for solvent mixtures. 
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Figure A3. 4 - Component flux plotted against pressure for 20% ethanol in n-heptane. 
Data obtained with radiation crosslinked membrane. 
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Figure A3. 5 - Component flux plotted against pressure for 20% ethanol in i-octane. 
Data obtained with radiation cross linked membrane. 
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Figure A3. 6 - n-heptane flux plotted against pressure for ethanol/n-heptane mixtures. 
Data obtained with radiation crosslinked membrane. Legends denote the fraction of 
ethanol concentration on a volume basis. 
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Figure A3. 7 - i-octane flux plotted against pressure for ethanol/i-octane mixtures. Data 
obtained with radiation cross linked membrane. Legends denote the fraction of ethanol 
concentration on a volume basis. 
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Figure A3. 8 - Ethanol flux plotted against pressure for ethanol/n-heptane mixtures. 
Data obtained with radiation cross linked membrane. Legends denote the fraction of 
ethanol concentration on volume basis. 
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Figure A3.9 - Ethanol flux plotted against pressure for ethanol/i-octane mixtures. Data 
obtained with radiation cross linked membrane. Legends denote the fraction of ethanol 
concentration on volume basis. 
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A3.3 Effects of polarity to solvent flux 
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Figure A3.10 - Solventflux plotted against ethanol concentration for ethanolln-heptane 
mixture. 
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A3.4 Alcohol rejection in various low-polar/polar mixtures 
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Figure A3.1 I - Ethanol rejection in n-heptane plotted against pressure. Legends denote 
ethanol concentrations in volume basis. 
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Figure A3.I3 - Rejection of ethanol at 5 bar plotted against ethanol concentration for 
binary solvent mixtures. Data obtained using radiation cross linked membrane. 
A3.5 Solute rejection in various low-polar/polar mixtures 
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Figure A3.I4 - 9,IO-diphenylanthracene in n-heptane plotted against pressure. Legends 
denote ethanol concentrations in volume basis. 
231 
Appendix 3 - Supporting Information for Chapter 4 
0.30 
0.25 -
T T T 
0.20 -
T 
::I: T I • 0% 6 • 0 5% ~ T • • • • T 10% .~ 0.15 
• 
A 20% 
~ 0 • • 30% • 0 0 0 A A 0 40% ~ 0 • A • 50% 0.10 -
• • 
0 60% 
A A ~ 0 a ~ A 70% A a ~ ~ 0.05 • A 
0 
0.00 
0 2 4 6 8 10 12 
Pressure (bar) 
Figure A3.I5 - 9.1 O-diphenylanthracene in i-octane plotted against pressure. Legends 
denote ethanol concentrations in volume basis. 
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Figure A3.16 - Rejection of 9,1 O-diphenylanthracene at 5 bar plotted against ethanol 
concentration for binary solvent mixtures. Data obtained using radiation crosslinked 
membrane. 
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A4.1 Correlations with the Pure-Diffusion Model 
A4.1.1 Low-polarity systems 
A least squares fitting method was used to fit the Pure-Diffusion model to the 
experimental data and the degree of fit is quantified by the correlation coefficient as 
shown in Figure A4.1-4.5 and Table A4.1-A4.6. 
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Figure A 4.1 - Rejection-pressure relationships of rubrene in n-heptane for radiation 
cross linked membrane samples. Experimental data (points) and PD model (lines). 
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Figure A4. 2 - Rejection-pressure relationships of rubrene in n-heptane for 2 different 
membrane samples. Experimental data (points) and PD model (lines). 
Membrane k D/ Correlation Coefficient 
sample (xlO·12 m2) (xlO·IO m2/s) 
Sample 6 9.44 3.38 0.985 
Sample 10 3.84 1.34 0.957 
Thermal 1.24 0.06 0.985 
Table A 4.1 - PD model parameters for rubrene in n-heptane for 3 membrane samples. 
234 
Appendix 4 - Supporting Information for Chapter 5 
1.0 
• xylene 
.... I-octane 
0.8 • n-heptane 
• • 
0.6 
• ~ 
. ~ 
~ 0.4 --- .... .- .... ~-
0.2 
.... -
.................... 
.... ........ 
........ 
!!I ---------. IIL-- --
.---11---
0.0 +------..-------;,------,-------..-----1 
o 2 4 6 8 10 
Pressure (bar) 
Figure A4.3 - Rejection-pressure profiles for rubrene in three solvents with radiation 
crosslinked membrane (sample 10). Experimental data (points) and PD model (lines). 
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Solvent k D/ Correlation Coefficient 
(xlO-12 m2) (xlO-12 m 2/s) 
xylene 2.42 5.94 0.961 
i-octane 2.92 28.90 0.976 
n-heptane 3.84 13.40 0.958 
Table A4.2 - SK model parameters for rubrene in 3 solvents with the radiation 
crosslinked membrane (sample 10). 
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n-heptane 
Solute Max. size Max. rejection k D, Correlation coefficient 
(nm) (-) (xlO·" m') (xlO·1O m'/s) (-) 
Ferrocene 0.538 0.020 3.900 28.100 0.703 
Pyrene 0.923 0.020 3.960 9.970 0.787 
CcrODene 0.928 0.060 4.020 4.650 0.965 
Tetraphenylethylene 1.166 0.102 9.820 5.440 0.991 
9, I O·diphenylanthracene 1.362 0.170 7.760 2.480 0.911 
Rubrene 1.348 0.156 3.840 1.340 0.958 
Iron (Ill) acetylacetonate 1.144 0.189 9.180 2.790 0.974 
Iron (Ill) naphthenate 1.790 0.549 3.560 0.166 0.921 
Copper (11) naphthenate 1.881 0.763 4.080 0.003 0.748 
i-octane 
Solute Max. size Max. rejection k D, Correlation coefficient 
(nm) (-) (xlO·" m') (xlO· lO m'/s) (-) 
Ferrocene 0.538 0 0 0 
Pyrene 0.923 0 0 0 
Coronene 0.928 0.087 2.980 2.250 0.927 
Tetraphenylethylene 1.166 0.143 2.940 1.180 0.945 
9, I O-diphenylanthracene 1.362 0.185 2.800 0.902 0.975 
Rubrene 1.348 0.397 2.920 0.289 0.976 
Iron (Ill) acetylacetonate 1.144 0.560 2.860 0.126 0.945 
Iron (Ill) naphthenate 1.790 0.771 2.860 0.013 0.939 
Copper (11) naphthenate 1.881 
xylene 
Solute Max.size Max. rejection k D, Correlation coefficient 
(nm) (-) (xlO·" m') (xlO·1O m'/s) (-) 
Ferrocene 0.538 0 
Pyrene 0.923 0 
Coronene 0.928 0.370 2.400 0.264 0.922 
Tetraphenylethylene 1.166 0.290 2.440 0.470 0.976 
9, I O-diphenyIanthracene 1.362 0.490 2.460 0.137 0.970 
Rubrene 1.348 0.720 2.420 0.059 0.961 
Iron (Ill) acetylacetonate 1.144 0.590 2.400 0.102 0.956 
Iron (Ill) naphthenate 1.790 1.000 
Copper (11) naphthenate 1.881 0.970 
Table A 4. 3 - Pure-Diffusion model parameters for a range of solvents and solutes with 
radiation crosslinked membrane. 
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Radiation crosslinked membrane 
Solute Max. size Max. rejection k D, Correlation coefficient 
(nm) (-) (xlO'"m2) (xlO· to m'/,) (-) 
Ferrocene 0.538 0.020 3.900 28.100 0.703 
Pyrene 0.923 0.020 3.960 9.970 0.787 
Coronene 0.928 0.060 4.020 4.650 0.965 
Tetraphenylethylene 1.166 0.102 9.820 5.440 0.991 
9, I O-diphenylanthracene 1.362 0.170 7.760 2.480 0.911 
Rubrene 1.348 0.156 3.840 1.340 0.958 
Iron (lll) acetylaceton.te 1.144 0.189 9.180 2.790 0.974 
Iron (lll) naphthenate 1.790 0.549 3.560 0.166 0.921 
Copper (11) naphthenate USI 0.763 4.080 0.003 0.748 
Thermal crosslinked membrane 
Solute Max. size Max. rejection k D, Correlation coefficient 
(nm) (-) (xIO-11 m') (xlO· to m'/,) (-) 
Ferrocene 0.538 
Pyrene 0.923 0.060 2.10E-12 2.020 0.721 
Coronene 0.928 0.073 1.23E-12 1.520 0.954 
Tetraphenylethylene 1.166 0.237 1.24E-12 0.224 0.883 
9, I O-diphenylanthracene 1.362 0.340 1.23E-12 0.153 0.955 
Rubrene 1.348 0.577 1.25E-12 0.060 0.985 
Iron (lll) acetyl.cetonate 1.144 0.238 I.23E-12 0.199 0.991 
Iron (1lI) naphthenate 1.790 0.981 l.23E-12 0.006 0.981 
Copper (11) naphthen.te 1.881 
Table A4,4 - Spiegler-Kedem model parameters for a range of membrane type and 
solutes with n-heptane. 
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A4.1.2. Polar systems 
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Figure A4. 4 - Solute rejection (9,10 - diphenylanthracene) in n-heptane for radiation 
cross linked membranes in 10%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and PD model (lines). 
n.heptane i~octane 
Ethanol Max. k D, Correlation Max. k D, Correlation 
concentration rejection (xlO'" (xlO·I ' coefficient rejection (x10'" (xlO·I ' coefficient 
(volume %) (-) m') m'I,) (-) (-) m') m'I,) (-) 
0 0.160 3.820 1.340 0.958 0.185 2.920 0.289 . 0.976 
5 0.122 2.180 0.875 0.792 
10 0.188 4.080 1.080 0.881 0.273 2.180 0.401 0.940 
20 0.154 6.180 2.420 0.981 0.120 3.420 1.730 0.958 
30 0.022 4.400 12.1 00 0.894 0.179 3.420 0.960 0.883 
40 0.065 4.160 4.430 0.897 0.071 2.260 1.750 0.837 
50 0.105 3.900 2.400 0.913 0.090 2.100 1.490 0.977 
60 0.040 2.380 3.580 0.911 0.077 1.850 1.430 0.807 
70 0.067 1.600 1.380 0.907 
80 0.018 2.350 3.710 0.837 
Table A4.5 - Pure-Diffusion model parameters for 9,1 O-diphenylanthracene in n-
heptane and i-octane with radiation cross linked membrane. 
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Figure A 4.5 - Ethanol rejection in n-heptane for radiation crosslinked membranes in 
10%. 20%. and 30% ethanol concentrations. Experimental data (points) and PD model 
(lines). 
n-heptane i-octane 
Ethanol Max. k D, Correlation Max. k D, Correlation 
concentration rejection (xlO·" (xlO-tO coefficient rejection (xlO·t, (xlO-tO coefficient 
(volume %) (-) m') m'/s) (-) (-) m') m'/s) (-) 
0 0.160 3.820 1.340 0.958 0.185 2.920 0.289 0.976 
5 0.360 0.270 0.935 
10 0.200 0.232 0.067 0.944 0.500 2.180 0.126 0.976 
20 0.262 1.350 0.256 0.970 0.289 3.420 0.475 0.973 
30 0.350 1.310 0.150 0.968 0.250 3.420 0.736 0.954 
40 0.200 4.160 1.120 0.978 0.146 2.260 1.280 0.856 
50 0.111 3.900 2.170 0.930 0.046 2.100 3.270 0.899 
60. 0.033 2.380 5.590 0.890 0.055 1.860 1.910 0.899 
70 0.300 2.420 0.356 0.698 0.033 1.600 2.630 0.976 
80 
Table A4.6 - Pure-Diffusion model parameters ethanol rejection in n-heptane and i-
octane with radiation cross linked membrane. 
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A4.2 Correlations with the Solution-Diffusion (SD) model 
A4.2.1 Low-polarity systems 
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Figure A 4.6 - Rejection-pressure relationships of rubrene in n-heptane for radiation 
cross linked membrane samples. Experimental data (points) and SD model (lines). 
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Figure A 4.7 - Rejection-pressure relationships of rubrene in n-heptane for 2 different. 
membrane samples. Experimental data (points) and SD model (lines). 
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Membrane k D,Ks D/K/ Correlation coefficient 
sample m2/s.bar (xlO·tO m2/s) (xlO·tO m 2/s) 
Sample 6 16.74 16.60 3.50 0.985 
Sample 10 6.77 6.50 1.34 0.959 
Thermal 3.25 2.07 0.06 0.985 
Table A4. 7 - SD model parameters for rubrene in n-heptane for 3 membrane samples. 
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Figure A 4.8 - Rejection-pressure profiles for rubrene in three solvents with radiation 
cross linked membrane (sample JO). Experimental data (paints) and SD model (lines). 
Solvent k D,Ks D/K/ Correlation coefficient 
m
2/s.bar (xlO·tO m2/s) (xlO·tO m2/s) 
xylene 4.17 5.10 0.07 0.959 
i-octane 5.58 4.46 0.29 0.991 
n-heptane 6.77 6.50 1.34 0.959 
Table A4.8 - SD model parameters for rubrene in 3 solvents with the radiation 
crosslinked membrane (sample 10). 
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n~hept8ne 
Solute Max.size Max. rejection DiK, Correlation coefficient 
(om) (-) (x10·" m'/s) (-) 
Ferrocene 0.538 0.020 70.700 0.706 
Pyrene 0.923 0.020 25.000 
Coronene 0.928 0.060 11.400 0.967 
Tetraphenylethylene 1.166 0.102 5.430 0.991 
9,lO-diphenylanthracene 1.362 0.160 2.380 0.964 
Rubrene 1.348 0.156 3.500 0.985 
Iron (lll) acetylacetonate 1.144 0.189 5.020 0.950 
Iron (lll) naphthenate 1.790 0.549 0.166 0.921 
Copper (ll) naphthenate 1.881 0.763 0.027 
i-octane 
Solute Max. size Max. rejection D,K, Correlation coefficient 
(nm) (-) (x10·" m'/s) (-) 
Ferrocene 0.538 0.000 0 
Pyrene 0.923 0.000 0 
Coronene 0.928 0.087 2.160 0.883 
Tetraphenylethylene 1.166 0.143 U80 0.975 
9, I O-diphenylanthracene 1.362 0.185 0.864 0.990 
Rubrene 1.348 0.397 0.293 0.990 
Iron (lll) acetyl.cetonate 1.144 0.560 0.148 0.990 
Iron (lll) naphthenate 1.790 0.771 0.013 0.889 
Copper (ll) naphthenate 1.881 
xylene 
Solute Max. size Max. rejection D.;K, Correlation coefficient 
(om) (-) (xlO·" m'/s) (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.000 
Coronene 0.928 0.370 0.302 0.993 
Tetraphenylethyleoe 1.166 0.290 0.489 0.982 
9, I O-diphenylanthracene 1.362 0.490 0.154 0.953 
Rubrene 1.348 0.720 0.066 0.980 
Iron (lll) acetylacetonate 1.144 0.590 0.117 0.989 
Iron (lll) naphthenate 1.790 1.000 
Copper (ll) naphthenate 1.881 0.970 
Table A4.9 - Solution-Diffusion model parameters for a range of solvents and solutes 
with radiation cross linked membrane .. 
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Solute 
Ferrocene 
Pyrene 
Coronene 
Tetraphenylethylene 
9, I O-diphenylanthracene 
Rubrene 
Iron (JIJ) acetyl.cetonate 
Iron (JIJ) naphthenate 
Copper (IJ) naphthenate 
Solute 
Ferrocene 
Pyrene 
Coronene 
Tetraphenylethylene 
9, I O-diphenylanthracene 
. Rubrene 
Iron (Ill) acetylacetonate 
Iron (JIJ) naphthenate 
Copper (IJ) naphthenate 
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Radiation crosslinked membrane 
Max.size Max. rejection DiKt Correlation coefficient 
(om) (-) (xlO·" m'/s) (-) 
0.538 0.020 70.700 0.706 
0.923 0.020 25.000 0.251 
0.928 0.060 11.400 0.967 
1.166 0.102 5.430 0.991 
1.362 0.160 2.380 0.965 
1.348 0.156 3.500 0.986 
1.144 0.189 5.020 0.950 
1.790 0.549 0.166 0.921 
1.881 0.763 0.027 
Thermal crosslinked membrane 
Max size Max. rejection DjK, Correlation coefficient 
(nm) (-) (.10·" m'/s) (-) 
0.538 0.000 0 
0.923 0.060 0 0.787 
0.928 0.073 1.510 0.954 
1.166 0.237 3.000 0.884 
1.362 0.340 0.153 0.947 
1.348 0.577 0.059 0.986 
1.144 0.283 0.200 0.991 
1.790 0.981 0.005 0.980 
1.881 
Table A4.10 - Solution-Diffusion model parameters for a range of membrane type and 
solutes with n-heptane. 
243 
Appendix 4 - Supporting Information for Chapter 5 
A4.2.2 Polar systems 
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Figure A 4.9 - Solute rejection (9,10 - diphenylanthracene) in n-heptane for radiation 
cross linked membranes in 10%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and SD model (lines). 
n-heptane i-octane 
Ethanol Max. D,K, Correlation Max. DjKj Correlation 
concentration rejection (xlO· lO m'{s) coefficient rejection (xlO-10 m'/s) coefficient 
(volume %) (-) (-) (-) (-) 
0 0.160 2.380 0.964 0.185 0.870 ·0.990 
5 0.122 2.020 0.453 
10 0.188 1.200 0.887 0.273 0.807 0.938 
20 0.154 2.260 0.980 0.120 3.240 0.955 
30 0.022 9.900 0.894 0.179 1.120 0.884 
40 0.065 3.940 0.897 0.071 3.160 0.750 
50 0.105 1.860 0.913 0.090 2.330 0.976 
60 0.040 3.940 0.911 0.077 1.720 0.806 
70 0.067 2.270 0.325 
80 0.018 13.300 0.065 
Table A4.11 - Solution-Diffusion model parameters for 9, 10-diphenylanthracene in n-
heptane and i-octane with radiation cross linked membrane. 
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Figure A 4.1 0 - Ethanol rejection in n-heptane for radiation cross linked membranes in 
1O%, 20%, and 30% ethanol concentrations. Experimental data (points) and SD model 
(lines). 
n-heptane i-octane 
Ethanol Max. D,K, Correlation Max. D,K1 Correlation 
concentration rejection (xIO·" rn'!,) coefficient rejection (xIO·"rn'!,) coefficient 
(volurne%) (-) (-) (-) (-) 
0 0.160 2.380 0.964 0.185 0.870 0.990 
5 0.360 0.635 0.908 
10 0.188 1.320 0.931 0.500 0.254 0.976 
20 0.262 1.100 0.969 0.289 0.891 0.924 
30 0.350 0.414 0.967 0.250 0.858 0.955 
40 0.200 1.000 0.979 0.146 2.310 0.854 
50 0.111 1.680 0.932 0.046 5.100 0.900 
60 0.033 4.600 0.532 0.055 2.280 0.898 
70 0.300 0.314 0.673 0.033 4.340 0.620 
80 
Table A4.12 - Solution-Diffusion model parameters for ethanol rejection in n-heptane 
and i-octane with radiation cross linked membrane. 
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A4.3 Correlations with the Speigler-Kedem Model 
A4.3.1 Low-polarity systems 
The Speigler-Kedem model was found to provide an excellent fit to all experimental 
data obtained compared to the Solution-Diffusion model. A least squares fitting method 
was used to fit the model to the experimental data and the degree of fit is quantified by 
the correlation coefficient as shown in Figure 4.11 - 4.16 and Table A4.13 - A4.1B. 
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Figure A4.11 - Rejection-pressure relationships of rub re ne in n-heptanefor radiation 
cross linked membrane samples. Experimental data (points) and SK model (lines). 
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Figure A4.12- Rejection-pressure relationships of rubrene in n-heptane for 2 different 
membrane samples. Experimental data (points) and SK model (lines). 
Membrane t1 Ps Correlation 
sample coefficient 
(xlO·12 mlls) 
Sample 6 0.17 2.28 0.992 
Sample 10 0.24 45.20 0.988 
Thennal 0.60 2.70 0.994 
Table A 4.13 - SK model parameters for rubrene in n-heptane for 3 membrane samples. 
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Figure A 4.13 - Rejection-pressure profiles for rubrene in three solvents with radiation 
crosslinked membrane (sample 10). Experimental data (paints) and SK model (lines). 
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Solvent 
xylene 
i-octane 
n-heptane 
0.71 
0.42 
0.24 
Ps Correlation coefficient 
(xlO-12 m2/s) 
2.34 0.985 
6.24 0.997 
45.0 0.988 
Table A4.14 -SK model parameters for rubrene in 3 solvents with the radiation 
cross linked membrane (sample 10). 
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n-heptane 
Solute Max. size Max. rejection (f P, Correlation coefficient 
(nm) (-) (-) (xlO·" m'/s) (-) 
Ferrocene 0.538 0.020 0.010 14.660 0.899 
Pyrene 0.923 0.020 0.030 14.660 0.630 
Coronene 0.928 0.060 0.050 22.000 0.990 
Tetraphenylethylene 1.166 0.102 0.100 17.000 0.961 
9,lO-diphenylanthracene 1.362 0.170 0.230 35.800 0.987 
Rubrene 1.348 0.156 0.170 22.800 0.974 
Iron (1lI) acetylacetonate 1.144 0.189 0.190 26.000 0.994 
Iron (Ill) naphthenate 1.790 0.549 0.540 6.800 0.900 
Copper (11) naphthenate 1.881 0.763 0.820 0.140 0.710 
I-octane 
Solute Max.size Max. rejection (f P, Correlation coefficient 
(nm) (-) (-) (xlO·" m'/s) (-) 
Ferrocene 0.538 0.000 0 6.060 0 
Pyrene 0.923 0.000 0 6.060 0 
Coronene 0.928 0.087 0.090 9.300 0.810 
Tetraphenylethylene 1.166 0.143 0.150 7.760 0.986 
9,10-diphenylanthracene 1.362 0.185 0.230 13.600 0.968 
Rubrene 1.348 0.397 0.420 6.060 0.997 
Iron (Ill) acetylacetonate 1.144 0.560 0.550 2.560 
Iron (Ill) naphthenate 1.790 0.771 0.990 2.540 0.880 
Copper (11) naphthenate 1.881 
xylene 
Solute Max. size Max. rejection (f P, Correlation coefficient 
(nm) (-) (-) (xlO·" m'/s) (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.000 
Coronene 0.928 0.370 0.360 4.260 0.992 
Tetraphenylethylene 1.166 0.290 0.340 11.160 0.996 
9,10-diphenylanthracene 1.362 0.490 0.580 5.120 0.976 
Rubrene 1.348 0.720 0.710 2.340 0.985 
Iron (Ill) acetylacetonate 1.144 0.590 0.580 3.040 0.993 
Iron (Ill) naphthenate 1.790 1.000 
Copper (11) naphthenate 1.881 0.970 
Table A4.15 - SK model parameters for a range of solvents and solutes with radiation 
crosslinked membrane. 
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Radiation crosslinked membrane 
Solute Max. size Max. rejection tT P, Correlation coefficient 
(om) (-) (-) (xlO'" m'I,) (-) 
Ferrocene 0.538 0.020 0.010 14.660 0.899 
Pyrene 0.923 0.020 0.030 14.660 0.630 
Ccronene 0.928 0.060 0.050 22.000 0.990 
Tetraphenylethylene 1.166 0.102 0.100 17.000 0.961 
9, I O·diphenylanthracene 1.362 0.170 0.230 35.800 0.987 
Rubrene 1.348 0.156 0.170 22.800 0.974 
Iron (lll) acetylacetonate 1.144 0.189 0.190 26.000 0.994 
Iron (lll) naphthenate 1.790 0.549 0.540 6.800 0.900 
Copper (11) naphthenate 1.881 0.763 0.820 0.140 0.710 
Thermal crosslinked membrane 
Solute Max. size Max. rejection tT P, Correlation coefficient 
(nm) (-) (-) (xlO'" m'I,) (-) 
Ferrocene 0.538 0.000 0.002 1.013 
Pyrene 0.923 0.060 0.000 1.013 
Coronene 0.928 0.073 0.080 8.250 0.821 
Tetraphenylethylene 1.166 0.237 0.240 1.301 0.988 
9, I O-diphenylanthracene 1.362 0.340 0.360 2.685 0.974 
Rubrene 1.348 0.577 0.620 2.205 0.993 
Iron (Ill) acetylacetonate 1.144 0.238 0.260 1.395 0.936 
Iron (lll) naphthenate 1.790 0.981 1.600 1.836 0.972 
Copper (11) naphthenate 1.881 
Table A4.16 - SK model parameters for a range of membrane type and solutes with n-
heptane. 
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Figure A4.14 - Spiegler-Kedem model parameter, reflection coefficient, f7, plotted 
against maximum solute rejection of all solutes used. 
A value of (J is to describe the maximum retention of solutes. When (J = I, diffusion 
takes place. In an entirely unselective membrane, (J = 0, solutes are assumed to be 
transported convectively. 
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A4.3.2 Polar systems 
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Figure A4.I5 - Solute rejection (9,10 - diphenylanthracene) in n-heptanefor radiation 
cross linked membranes in 10%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and SK model (lines). 
n·heptane i-octane 
Ethanol Max. tJ P, Correlation Max. tJ P, Correlation 
concentration rejection (-) (xlO'" m'I,) coefficient rejection (-) (xlO'" m'I,) coefficient 
(volume %) (-) (-) (-) (-) 
0 0.160 0.23 358.0 0.985 0.185 0.23 13.6 0.954 
5 0.122 0.29 19.9 0.517 
10 0.188 0.19 620.0 0.987 0.273 0.26 10.8 0.934 
20 0.154 0.14 15.7 0.944 0.120 0.15 15.8 0.929 
30 0.022 0.03 15.4 0.967 0.179 0.19 7.26 0.928 
40 0.065 0.07 18.4 0.917 0.071 0.14 18.4 0.808 
50 0.105 0.12 18.8 0.891 0.090 0.17 18.8 0.944 
60 0.040 0.08 18.8 0.107 0.077 0.17 18.9 0.729 
70 0.067 0.17 18.5 0.332 
80 0.018 0.03 20.0 0.863 
Table A4.17 - SK model parameters for 9,lO-diphenylanthracene in n-heptane and i-
octane with radiation cross linked membrane. 
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• Experimental data (10% ethanol) 
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Figure A 4.16 - Ethanol rejection in n-heptane for radiation cross linked membranes in 
10%, 20%, and 30% ethanol concentrations. Experimental data (points) and SK model 
(lines). 
n-heptane i-octane 
Ethanol Max. (f P, Correlation Max. (f P, Correlation 
concentration rejection (-) (xlO·" rn'I,) coefficient rejection (-) (xlO·" rn'I,) coefficient 
(volume 0/0) (-) (-) (,) (-) 
0 0.160 0.23 0.036 0.985 0.185 0.23 0.136 0.954 
5 0.36 0.78 0.202 0.966 
10 0.200 0.17 0.071 0.862 0.500 0.70 0.160 0.973 
20 0.262 0.26 0.157 0.971 0.289 0.31 0.061 0.985 
30 0.350 0.44 0.160 0.982 0.250 0.37 0.200 0.964 
40 0.200 0.25 0.189 0.989 0.146 0.21 0.226 0.832 
50 0.1 \I 0.13 0.204 0.955 0.046 0.08 0.214 0.904 
60 0.033 0.05 0.185 0.499 0.055 0.13 0.187 0.840 
70 0.300 0.58 0.190 0.828 0.033 0.09 0.174 0.659 
80 
Table A4.18 - SK model parameters ethanol rejection in n-heptane and i-octane with 
radiation cross linked membrane. 
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A4.4 Correlations with the Convection-Diffusion (CD) Model 
A4.4.1 Low-polarity systems 
The Convection-Diffusion model was found to provide a very good fit to all 
experimental data. Similarly being able to predict the rejection-pressure data as the 
Spiegler-Kedem model. 
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Figure A 4.17 - Rejection-pressure relationships of rubrene in n-heptane for radiation 
cross linked membrane samples. Experimental data (points) and CD model (lines). 
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Figure A4.1B - Rejection-pressure relationships of rubrene in n-heptane for 2 different 
membrane samples. Experimental data (points) and CD model (lines). 
Membrane a D; Correlation 
sample (-) (xlO-tO m2/s) coefficient (-) 
Sample 6 0.78 1.420 0.999 
Sample 10 0.69 2.060 0.981 
Thermal 0.23 0.045 0.992 
Table A4.19 - CD model parameters for rubrene in n-heptanefor 3 membrane samples. 
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Figure A 4.19- Rejection-pressure profiles for rubrene in three solvents with radiation 
crosslinked membrane (sample 10). Experimental data (points) and CD model (lines). 
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Solvent 
xylene 
i-octane 
n-heptane 
a 
(-) 
0.24 
0.45 
0.69 
D/ Correlation 
(xlO-IO m2/s) coefficient (-) 
0.026 0.985 
0.162 0.998 
2.060 0.981 
Table A4.20 - CD model parameters for rubrene in 3 solvents with the radiation 
cross linked membrane (sample 10). 
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n.heptane 
Solute Max size Max rejection a D, Correlation 
(nrn) (-) (-) (xlO·IO rn'/s) coefficient (-) 
Ferrocene 0.538 0.020 1.00 
Pyrene 0.923 0.020 1.00 
Coronene 0.928 0.060 0.89 10.000 0.991 
Tetraphenylethylene 1.166 0.102 0.88 1.260 0.967 
9, I O-diphenylanthracene 1.362 0.160 0.70 1.450 0.950 
Rubrene 1.348 0.156 0.78 1.420 0.998 
Iron (111) acetylacetonate 1.144 0.189 0.74 1.220 0.950 
Iron (111) naphthenate 1.790 0.549 0.42 0.042 0.920 
Copper (ll) naphthenate 1.818 0.763 0.15 0.017 0.725 
i-octane 
Solute Max size Max rejection a D, Correlation 
(nrn) (-) (-) (xlO·IO rn'/s) coefficient (-) 
Ferrocene 0.538 0.000 1.00 
Pyrene 0.923 0.000 1.00 
Coronene 0.928 0.087 0.88 0.948 0.836 
Tetraphenylethylene 1.166 0.143 0.80 0.493 0.993 
9, I O-diphenylanthracene 1.362 0.185 0.72 0.457 0.987 
Rubrene 1.348 0.397 0.45 0.162 0.997 
Iron (Ill) acetylacetonate 1.144 0.560 0.39 0.039 0.962 
Iron (Ill) naphthenate 1.790 0.771 0.10 0.004 0.877 
Copper (ll) naphthenate 1.818 
xylene 
Solute Max size Max rejection a D, Correlation 
(nrn) (-) (-) (xlO·IO rn'/s) coefficient (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.000 
Coronene 0.928 0.370 0.59 0.008 0.991 
Tetraphenylethylene 1.166 0.290 0.58 0.029 0.992 
9, 1 O-diphenylanthracene 1.362 0.490 0.35 0.074 0.982 
Rubrene 1.348 0.720 0.24 0.026 0.985 
Iron (111) acetylacetonate 1.144 0.590 0.36 0.040 0.991 
Iron (111) naphthenate 1.790 1.000 
Copper (ll) naphthenate 1.818 0.970 
Table A4.21- CD model parameters for the rejection ofa number of solutes in a 
number of solvents. 
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Radiation crosslinked membrane 
Solute Maxsize Max rejection a D, Correlation 
(nm) (-) (-) (xlO-" rn'/s) coefficient (-) 
Ferrocene 0.538 0.020 1.00 
Pyrene 0.923 0.020 1.00 
Coronene 0.928 0.060 0.89 10.000 0.991 
Tetraphenylethylene 1.166 0.102 0.88 1.260 0.967 
9, I O-diphenylanthracene 1.362 0.160 0.7 1.450 0.950 
Rubrene 1.348 0.156 0.78 1.420 0.998 
Iron (Ill) acetylacetonate 1.144 0.189 0.74 1.220 0.950 
Iron (Ill) naphthenate 1.790 0.549 0.42 0.042 0.920 
Copper (I1) naphthenate 1.818 0.763 0.15 0.017 0.725 
Thermal crosslinked membrane 
Solute Max size Max rejection a D, Correlation 
(nm) (-) (-) (xlO-" rn'/s) coefficient (-) 
Ferrocene 0.538 0.000 1.00 
Pyrene 0.923 0.060 1.00 
Coronene 0.928 0.073 0.89 1.630 0.950 
Tetraphenylethylene 1.166 0.237 0.73 0.043 0.952 
9,10-diphenylanthracene 1.362 0.340 0.51 0.089 0.981 
Rubrene 1.348 0.577 0.23 0.045 0.993 
Iron (Ill) acetylacetonate 1.144 0.283 0.69 0.052 0.967 
Iron (Ill) naphthenate 1.790 0.981 0.001 0.006 0.975 
Copper (I1) naphthenate 1.818 
Table A4.22 - CD model parameters for a range of membrane type and solutes. 
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Figure A4. 20 - Convection-Diffusion model parameters, a, plotted against maximum 
solute rejection. Data obtained with radiation cross linked membrane. 
'a' is used to describe the amount of solute fractions undergoing convective flow. 
According to Figure A4.20, it can be seen that size exclusion is the main factor 
contributing towards solute rejection. Hence, as the solute size increases, the solute 
rejection increases, which would result in less solute fractions being transported through 
the membrane convectively and at the same time the diffusive mechanism starts to take 
place. When the effects of solvent type is considered to affect the degree of rejection, 
the regions in which the solute transport takes place are more confined in xylene 
compared to n-heptane, which yields relatively low values of a corresponding to a more 
restricted flow ofthe solute. For n-heptane as a better swelling compared the xylene, the 
transport regions are much larger and hence the solute can move more freely. However, 
one drawback of this model is that it is not able to pin-point the transition of transport 
mechanism. 
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A4.4.2 Polar systems 
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Figure A4.21 - Solute rejection (9,10 - diphenylanthracene) in n-heptanefor radiation 
cross linked membranes in JO%, 20%, and 30% ethanol concentrations. Experimental 
data (points) and CD model (lines). 
n-heptane i-octane 
Ethanol Max • D, Correlation Max • D, Correlation 
concentration rejection (-) (xlO"lO m'/s) coefficient rejection (-) (dO'1O m'/s) coefficient 
(volume %) (-) (-) (-) (-) 
0 0.160 0.70 1.45 0.949 0.185 0.72 0.457 0.988 
5 0.122 0.85 0.138 0.658 
10 0.188 0.74 0.795 0.951 0.273 0.71 0.230 0.934 
20 0.154 0.81 1.190 0.955 0.120 0.86 0548 0.923 
30 0.022 0.98 5.210 0.882 0.179 0.77 0.287 0.928 
40 0.065 0.S4 3.060 0.895 0.071 0.86 1.340 0.839 
50 0.105 0.84 1.180 0.93\ 0.090 0.60 1.350 0.971 
60 0.040 0.95 1.020 0.21S 0.077 0.60 1.350 0.790 
70 0.067 0.93 0.132 0.165 
SO 0.018 0.97 3.710 0.837 
Table A 4.23 - CD model parameters for 9,1 O-diphenylanthracene in n-heptane and i-
octane with radiation cross linked membrane. 
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Figure A4.22 - Ethanol rejection in n-heptanefor radiation crosslinked membranes in 
1O%, 20%, and 30% ethanol concentrations. Experimental data (points) and CD model 
(lines). 
n-hel!tane i-octane 
Ethanol Mu a D, Correlation Ma. a D, Correlation 
concentration rejection (-) (dO'" m'/s) coefficient rejection (-) (dO·I'm'/s) coefficient 
(volume %) (-) (-) (-) (-) 
0 0.160 0.70 1.450 0.949 0.185 0.72 0.457 0.988 
5 0.360 0.02 0.270 0.935 
10 0.200 0.77 0.846 0.916 0.500 0.40 0.113 0.989 
20 0.262 0.44 1.140 0.978 0.289 0.64 0.140 0.973 
30 0.350 0.45 0.545 0.987 0.250 0.01 0.743 0.962 
40 0.200 0.58 0.780 0.988 0.146 0.08 1.830 0.855 
50 0.11 1 0.34 1.180 0.934 0.046 0.59 3.100 0.903 
60 0.033 0.97 2.830 0.560 0.055 0.93 0.433 0.816 
70 0.300 0.32 0.291 0.719 0.033 0.96 0.106 0.831 
80 
Table A4.24 - CD model parameters for ethanol rejection in n-heptane and i-octane 
with radiation cross linked membrane. 
261 
Appendix 4 - Supporting Information for Chapter 5 
A4.S Correlations with the Pore-Flow Model 
A4.S.1 Low-polarity systems 
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Figure A4.23 - Rejection-pressure relationships of rub re ne in n-heptanefor radiation 
cross linked membrane samples. Experimental data (points) and Pore model (lines). 
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Figure A4. 24 - Rejection-pressure relationships of rubrene in n-heptane for 2 different 
membrane samples. Experimental data (points) and Pore model (lines). 
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Membrane K;,d K;,c 
'" 
Correlation 
sample (-) (-) (-) coefficient (-) 
Sample 6 0.254 1.466 0.42 0.988 
Sample 10 0.420 1.418 0.30 0.974 
Thennal 0.167 1.461 0.50 0.994 
Table A4.25 - Pore model parameters for rubrene in n-heptanefor 3 membrane 
samples. 
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Figure A4.25 - Rejection-pressure profiles for rubrene in three solvents with radiation 
crosslinked membrane (sample 10). Experimental data (paints) and Pore model (lines). 
Solvent K;d , K;,o At Correlation 
(-) (-) (-) coefficient (-) 
xylene 0.008 1.414 0.61 0.948 
i-octane 0.197 1.466 0.47 0.996 
n-heptane 0.420 1.418 0.30 0.974 
Table A4.26 - Pore model parameters for rubrene in 3 solvents with the radiation 
cross linked membrane (sample 10). 
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n-heptane 
Solute Max size Max rejection K,. K1,c .. Correlation 
(nm) (-) (-) (-) (-) coefficient (-) 
Ferrocene 0.538 0.020 0.643 1.289 0.17 0.708 
Pyrene 0.923 0.020 0.721 1.232 0.13 0.295 
Coronene 0.928 0.060 0.569 1.337 0.21 0.974 
Tetraphenylethylene 1.166 0.102 0.266 1.464 0.41 0.992 
9, I O-diphenylanthracene 1.362 0.170 0.305 1.457 0.38 0.922 
Rubrene 1.348 0.156 0.420 1.418 0.30 0.974 
Iron (Ill) acetylacetonate 1.144 0.189 0.318 1.454 0.38 0.933 
Iron (Ill) naphthenate 1.790 0.549 0.187 1.465 0.48 0.917 
Copper (I1) naphthenate 1.881 0.763 0.044 1.372 0.67 
i-octane 
Solute Max size Max rejection K1,d KI,t .. Correlation 
(nm) (-) (-) (-) (-) coefficient (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.000 
Coronene 0.928 0.087 0.500 1.378 0.25 0.877 
Tetraphenylethylene 1.166 0.143 0.451 1.404 0.28 0.984 
9, I O-diphenylanthracene 1.362 0.185 0.500 1.378 0.25 0.980 
Rubrene 1.348 0.397 0.197 1.466 0.47 0.996 
Iron (Ill) acetylacetonate 1.144 0.560 0.098 1.432 0.58 0.983 
Iron (Ill) naphthenate 1.790 0.771 0.029 1.338 0.71 
Copper (I1) naphthenate 1.881 
xylene 
Solute Max size Max rejection K1,d K1,c .. Correlation 
(nm) (-) (-) (-) (-) coefficient (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.000 
Coronene 0.928 0.370 0.148 1.456 0.52 0.995 
Tetraphenylethylene 1.166 0.290 0.292 1.460 0.39 0.990 
9,lO-diphenylanthracene 1.362 0.490 0.157 1.459 0.51 0.972 
Rubrene 1.348 0.720 0.077 1.414 0.61 0.948 
Iron (Ill) acetylacetonate 1.144 0.590 0.097 1.431 0.58 0.991 
Iron (Ill) naphthenate 1.790 1.000 
Copper (11) naphthenate 1.881 0.970 
Table A4.27 - Pore model parameters for a range of solvents and solutes with radiation 
cross linked membrane. 
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Radiation crosslinked membrane 
Solute Max size Max rejection K1,d K1,t J.; Correlation 
(nm) (-) (-) (-) (-) coefficient (-) 
Ferrocene 0.538 0.020 0.643 1.289 0.17 0.708 
Pyrene 0.923 0.020 0.721 1.232 0.13 0.295 
Coronene 0.928 0.060 0.569 1.337 0.21 0.974 
Tetraphenylethylene 1.166 0.102 0.266 1.464 0.41 0.992 
9, I O-diphenylanthracene 1.362 0.170 0.305 1.457 0.38 0.922 
Rubrene 1.348 0.156 0.420 1.418 0.30 0.974 
Iron (Ill) acetylacetonate 1.144 0.189 0.318 1.454 0.38 0.933 
Iron (Ill) naphthenate 1.790 0.549 0.187 1.465 0.48 0.917 
Copper (Il) naphthenate 1.881 0.763 0.044 1.372 0.67 
Thermal crosslinked membrane 
Solute Max size Max rejection K1,d K1,c J.; Correlation 
(nm) (-) (-) (-) (-) coefficient (-) 
Ferrocene 0.538 0.000 
Pyrene 0.923 0.060 0.643 1.289 0.17 0.793 
Coronene 0.928 0.073 0.741 1.217 0.12 0.917 
Tetraphenylethylene 1.166 0.237 0.360 1.442 0.34 0.922 
9,lO-diphenylanthracene 1.362 0.340 0.346 1.446 0.35 0.977 
Rubrene 1.348 0.577 0.167 1.461 0.50 0.995 
Iron (Ill) acetylacetonate 1.144 0.238 0.375 1.436 0.33 0.969 
Iron (Ill) naphthenate 1.790 0.981 0.021 1.309 0.74 0.830 
Copper (Il) naphthenate 1.881 
Table A4.28 - Pore model parameters for a range of membrane type and solutes with n-
heptane. 
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Figure A4.26 - Solute rejection (9.10 - diphenylanthracene) in n-heptanefor radiation 
crosslinked membranes in 10%. 20%. and 30% ethanol concentrations. Experimental 
data (points) and PF model (lines). 
n.heptane i-octane 
Max K"d KI,t .. Correlation Max K1,d K1,e .. Correlation 
rejection (-) (-) (-) coefficient rejection (-) (-) (-) coefficient (-) 
(-) (-) (-) 
0.16 0.305 1.457 0.38 0.920 0.2 0.304 1.457 0.38 0.922 
0.1 0.567 1.337 0.21 0.7\0 
0.19 0.36 1.442 0.34 0.910 0.3 0.292 1.46 0.39 0.939 
0.15 0.41 1.425 0.31 0.980 0.1 0.588 1.326 0.20 0.936 
0.02 0.85 1.134 0.07 0.840 0.2 0.436 1.411 0.29 0.906 
0.07 0.39 1.431 0.32 0.990 0.1 0.701 1.247 0.14 0.922 
0.11 0.61 1.314 0.19 0.970 0.1 0.701 1.247 0.14 0.881 
0.04 0.78 1.185 0.10 0.500 0.1 0.701 1.247 0.14 0.550 
0.1 0.72 1.232 0.\3 0.780 
0.02 0.85 1.134 0.07 0.880 
Table A4.29 - Pore flow model parameters for 9.1 O-diphenylanthracene in n-heptane' 
and i-octane with radiation crosslinked membrane. 
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Figure A 4.27 - Ethanol rejection in n-heptane for radiation cross linked membranes in 
10%, 20%. and 30% ethanol concentrations. Experimental data (points) and PF model 
(lines). 
n-heptane i-octane 
Ethanol Ma. K1,d K1,e J.., Correlation Ma. K1,d Kite J.., Correlation 
concentration rejection (-) (-) (-) coefficient rejection (-) (-) (-) coefficient (-) 
(volume 0/0) (-) (-) (-) 
0 0.16 0.305 1.457 0.38 0.920 0.185 0.304 1.457 0.38 0.922 
5 0.360 0.360 1.441 0.34 0.954 
IQ 0.20 0.37 1.436 0.33 0.940 0.500 0.130 1.449 0.54 0.984 
20 0.26 0.24 1.467 0.43 0.980 0.289 0.279 1.462 0.40 0.945 
30 0.35 0.22 1.467 0.45 0.980 0.25 0.375 1.437 0.33 0.973 
40 0.20 0.72 1.232 0.13 0.880 0.146 0.662 1.275 0.16 0.737 
50 0.11 0.61 1.314 0.19 0.970 0.046 0.803 1.169 0.09 0.807 
60 0.03 0.85 1.134 0.07 0.350 0.055 0.741 1.217 0.12 0.703 
70 0.30 0.35 1.446 0.35 0.750 0.033 0.803 1.169 0.09 0.959 
80 
Table A4.30 - Pore flow model parameters for ethanol rejection in n-heptane and i-
octane with radiation cross linked membrane. 
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